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Abstract
The overall aim of this project was to investigate ways of improving current tritiation 
procedures for organic compounds. More specifically we have concerned ourselves 
with the hydrogenation of unsaturated carbon-carbon bonds using both stable 
deuterium and radioactive tritium isotopes. Initial chapters describe the use of 
commercially available rhodium and iridium based homogeneous hydrogenation 
catalysts, for labelling a variety of substrates using deuterium gas. Labelling patterns 
and mechanistic details are discussed with reference to common heterogeneous 
catalysts such as Pd/C. In the following chapters the use of solid hydrogen sources and 
the concept of hydrogen transfer hydrogenation are discussed as an alternative 
approach to labelling compounds. The benefits of using formates as hydrogen sources 
and the results of labelling studies are shown, together with novel labelling patterns 
obseiwed with selected substrates. In an extension to this work we have performed 
microwave enhanced hydrogen transfer reactions. The advantages of microwave 
irradiation over thermal heating are highlighted. The final chapter is concerned with the 
tritiation of a number of substrates using tritiated formate salts under thermal and 
microwave conditions. The results obtained for the rhodium catalysed asymmetric 
hydrogenation of acetamidocirmamic acid, a precursor to phenylalanine, using tritium 
gas and tritiated formate are also presented.
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1.1 Introduction
There are many challenges facing the chemical industry, one of the most important 
being the need to reduce the amount of waste products produced. This is especially 
significant when dealing with radioactive waste, which can be both a complex and 
expensive issue. Although there is constant improvement in the sensitivity of 
radiological instmmentation and development of alternative non-radioactive 
techniques, there is still a large demand for radiolabelled compounds. The onus 
therefore falls on the radiochemist to improve labelling processes, in order to achieve 
the highest selectivity or specific activity, with greater efficiency and minimum waste.
Tritium (^H or T) is one of the most versatile radioisotopes^; it is a weak ^-emitter 
(average energy = 5.7 KeV), with a half-life of 12.35 years. Tritium labelled 
compounds have a wide range of important applications in the life sciences^, in 
particular as tracers for biological research, where they can act as a tracer for both 
hydrogen and carbon. Tritium offers several advantages over labelling. The label 
can be introduced easily, with no need for long synthetic procedures and higher 
specific activities can be obtained (max. specific activity is 29.2 Ci/mmole per site for 
^H, 62 mCi/mmole per site for As it is a low energy (3-emitter, the hazard of 
external radiation is small and tritium is one of the least expensive radioisotopes. 
Furthermore the stable deuterium isotope (^H or D) also provides us with a convenient 
method of developing and improving labelling methods, as the chemistry of both 
isotopes ar e largely interchangeable.
1.2 Hydrogenation Of Unsaturated Compounds
There are a number of methods available to the radiochemist for introducing tritium 
into organic compounds^’^ , but perhaps the two most important and widely used 
methods are a) hydrogen isotope exchange reactions using acid/base^ or metal 
catalysts'  ^and b) direct chemical synthesis by reduction with metal tritides^ or catalytic 
hydrogenation^. Hydrogenation is a very important synthetic tool for the organic 
chemist^’^ ’^ '*, providing a convenient method for introducing an asymmetric centre^’^  as 
well as a being an efficient labelling technique^’^ . As a labelling method, hydrogenation 
offers several advantages over exchange reactions. The label can be introduced into 
specific sites with high isotopic incorporation and by comparison conditions are 
normally very mild.
1.2.1 Heterogeneous and Homogeneous catalysis
H2
A==B --------► HA—HB
catalyst
fig 1.2a
Hydrogenation can be defined as addition of a molecule of hydrogen across a C=C 
double bond (fig 1.2a). Hydrogenations performed under catalytic conditions are 
known to proceed via a stepwise mechanism, where the intermediates are stabilised by 
interaction with the catalyst^ '^ '^ '^ . Therefore the catalyst, usually a group VIII metal.
must be able to bring the hydrogen and the %-system together at one active site. In the 
case of heterogeneous catalysts such as Pd/C, the active site can be considered as a 
cluster of metal atoms. The initial step involves the physisorption then chemisorption 
of the alkene and hydrogen onto the active surface of the catalyst. This is then 
followed by hydrogen transfer, through an alkyl intermediate, to give an alkane and 
involves several metal centres (fig 1.2b)^ '^ .
A = B  H—H
I I  I
catnfyst surface
HA—BH
*  *  *
BHf Ta * *
fig 1.2b
Homogeneous catalysts normally have only one active metal centre, and for 
hydrogenation to proceed they must be able to coordinate both the Tc-system and two 
hydrogen atoms at this one site^’*. To achieve this the complex needs to be 
coordinatively unsaturated, and must possess at least three vacant coordination sites. 
For this reason the initial complex must have i) at least one labile ligand, which can be 
easily substituted^“’^ \ or ii) a chelating ligand such as norbomadiene which can be 
reduced^ '^^  ^ (fig 1.2c).
(i) ligand dissociation
H.
- alkane X  alkene
MH2(aIkene)Ln_iXm
(ii) ligand reduction
H.
[ML,i(NBD)r
- norboinane
M = Rh, Ru or Ir
L = teitiaiy phosphine or aminé
X = a o r I
coordinated solvent is not shown
Hj
[MLjj]'*' — ' ^  [MH2LhJ'*'
alkene
[MH2(alkene)Ln]+
fig 1,2c
For heterogeneous catalysts  ^absorption at the metal surface is normally considered a 
dissociative process involving homolytic cleavage of molecular hydrogen (fig 1.2b) and 
thus forming atomically chemisorbed hydrogen atoms. Homogeneous systems however 
are normally described as undergoing an a) oxidative addition, although homogeneous 
catalysts may also involve b) heterolytic cleavage or c) homolytic cleavage depending 
on their nature '^* (figl.2d).
Rhl(PPhj)a + ^ RhHSj(PPli3)a a )
Ku™ci«3- + n RuHlHClsS- + + CT b)
2Con(CN)s3' + H2  2 Co%(CN);3- c)
fig 1.2d
1.2.2 Supported (heterogenised) homogeneous catalysts
Homogeneous catalysts are often more selective and more efficient than 
heterogeneous catalysts^’®. However a major drawback with homogeneous catalysts is 
the difficulty in separating the products from the catalyst at the end of the reaction. 
Often an extra chromatography step has to be added and the catalyst is usually 
discarded. One solution is the use of a bi-phasic system where the catalyst and 
substrate are present in different phases^^’^ ’^^ .^ A second approach is to support or 
heterogenise the homogeneous catalyst^®'whilst retaining their original properties. 
There are several advantages to using supports, such as allowing the catalyst to be 
cleanly removed at the end of the reaction and recycled. Recycling is particularly 
desirable when the cost of catalysts is considered, especially in industrial scale or chiral 
applications. Furthermore supported homogeneous catalysts with higher selectivity and 
activity over the free homogeneous catalysts have also been reported^^’^ ’^^ ,^ although 
this seems to depends largely on the type of support employed.
One of the most widely used methods of supporting homogeneous catalysts is to bind 
them to the surface of a polymer backbone. Early examples were based on 
Rh(PPh3)3 Cl (Wilkinson’s catalyst), which has been successfully bound to polystyrene 
crosslinked beads '^^ ’^ ;^ these are now commercially available. The polystyrene polymer, 
which is crosslinked with divinyl benzene, is initially chloromethylated. Then upon 
treatment with lithiodiphenylphosphine, the chlorine can be replaced with 
diphenylphosphine groups. The polymer could then be equilibriated with an excess of 
Rh(PPh3)3Cl, to afford the active polymer (fig 1.2e).
h O> CHsCHjOCHja
LiPPhj
PPh: Rh(PPh3>3a
fig l,2e
These particular catalysts, although easy to separate on completion of the reaction, 
have several drawbacks. The rate of reaction depends on the size of substrate and the 
presence of solvents which must sufficiently swell the pores to allow access to the 
active sites^*. It was also found that the polymer phosphine-rhodium bond could be 
broken during the reaction, resulting in leaching of the catalyst and gradual loss of 
catalytic activity upon recycling. This led De Croon and Coenen^  ^to conclude from 
their studies, that the rhodium-phosphine complex will only be stable if linked to the 
support by at least two support-phosphine bonds. Later studies focused on the use of 
polyethylene fibres^ ’^^ ,^ which avoided the problem of swelling, but initially gave some 
filtration problems. The catalysts showed an increase in activity, six times that of the 
polystyrene bead, but were still only 75.5 % as active as the equivalent homogeneous 
catalyst.
Although much of the early work was concerned with rhodium supported catalysts on 
polymer backbones, work has also been conducted on the use of silica^ ’^^ *, alumina^ ,^ 
modified Y-zeolites^^ and also ion exchange resins^^’^  ^as supports. Several examples 
have also been reported using palladium^“’^ \ platinum^® and ruthenium^^ based 
catalysts. More recent catalyst supports worthy of mention, include the use of dendritic 
polymers as supports^^’^ '^ , where the size and properties of this highly branched 
polymer can be carefully controlled and the use of sol-gel encapsulated metal 
catalysts^^’^ .^ The sol-gel approach involves the encapsulation of the catalyst in a glass 
matrix, formed by the polymerisation of (MeO)4 Si or similar silicon compounds. Unlike 
other polymers, as no support-catalyst bonds are formed, pore size is very important 
for retaining the catalyst and also permitting the substrate to penetrate the sol-gel^\
1.2.3 Structure and Reactivity
There are many factors which influence the reactivity and rate of hydrogenation for 
different substrates, one of the most important factors being steric hindrance. It is well 
known that alkynes are hydrogenated much faster than alkenes and the reactivity is 
known to decrease with increasing substitution of the double bond, terminal>cis- 
internal>trans-internal>trisubstituted>tetra-substituted alkene^’*’*'^ . Some catalysts such 
as RuH2 (PPh3)3 Cl2 , exhibit marked preferences for hydrogenation of terminal double 
bonds. The same catalyst is inactive to internal double bonds^ .^
One example is the preparation of [6,7-^H]-17p-Kydroxyestra-4-en-3-one (2), which 
was performed by Brodie et al^ .^ By hydrogenating 17^-j%ydroxyestra-4,6-diene-3-one 
(1) using Wilkinson’s catalyst, they were able to selectively reduce the double bond at 
the 6 position, to give the desired product. The tri-substituted 4-ene position is more 
steiically hindered and under the conditions used, no reduction of this double bond was 
observed (fig 1.2f).
OH
dioxan
fig 1.2f
1.2.4 Stereochemistry
For both homogeneous and heterogeneous catalysts, cis addition of hydrogen is 
observed. This can clearly be shown with the hydrogenation of alkynes, where the cis- 
alkene is formed (fig 1.2g).
■Ri
catalyst
H H
r ; R i
fig 1.2g
In bicyclic compounds it is possible to have two topologically different ways of cis 
addition. Because of steric constraints the exo addition is normally favoured over endo 
addition. However for the bridged cycloalkene, bicyclo[2.2. l]hept-2-ene carboxylic 
acid (3), coordination of the catalyst to the face of the molecule cis to the methylene 
bridge is favoured as this is the less hindered side. Therefore the endo isomer (4) is 
found to be the major product after hydrogenation (fig 1.2h).
H2
PM>2
CH3CH2 0 H
CO,H
83% + ,CO,H 17 %
5
fig 1.2h
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In steroids, the axial methyl groups at Cio and Cb block addition from the {5-side and 
a-hydrogenation is favoured. This was shown by Djerassi^ ,^ with the deuteration of 
cholest-1 -en-3 -one proceeding from the a  face with both palladium and Rh(PPh3)3 Cl 
(Wilkinsons catalyst). However a difference in selectivity was found between the 
homogeneous and heterogeneous hydrogenation of 17P-hydroxyandrosta-l,4-dien-3- 
one^  ^(6). Hydrogenation using Wilkinson’s catalyst occurred from the a  face (8), but 
the same reaction performed using a heterogenous catalyst gave predominantly the {5 
hydrogenation products (7). This was later confirmed in tritiation studies by Elvidge et 
al'^ ® where accurate determination of the position of the label was made by tritium 
NMR spectroscopy (fig 1.2i).
(7) IP = 40 %, 2P = 39 %, l a  = 9 %, 2a = 12 %
(8) ip  = 8.5 %, 2P = 7.5 %, l a  = 44 %, 2a = 40 %
OH
Pd/COH
OH
fig 1.2:
1.2.5 Isomérisation
Some catalysts have a tendency to promote double bond migration and H7D/T 
exchange, which is usually in competition to hydrogenation^’^ . The extent of 
isomérisation can depend on the reaction conditions and solvent chosen, however the 
largest influence is from the catalyst itself^’^ . Isomérisation is nearly always observed 
only in the presence of molecular hydrogen. The mechanism usually involves transfer 
of one hydrogen to form a metal-alkyl intermediate (fig 1.2b). As this step is reversible, 
abstraction of a hydrogen will reform the alkene and active catalyst. In the simplest 
case, hydrogen is abstracted from the same carbon involved in the initial transfer step. 
This affords the original alkene, although cis-trans isomérisation or H/D/T exchange 
may occur. If a hydrogen is abstracted from a different carbon atom, double bond 
migration will afford a different alkene^ (fig 1.2j).
a)Pt02,R.T. 1 atm Hz 11 = 82% 12=18%
b) Pd/AlzOs, R.T. 1 atm Hz 11 = 23% 12 = 77%
CHcatalyst
catalyst
catalyst
H2
catalyst
1.3 Experimental Techniques
1.3.1 Deuterium Gas Liue
For all hydrogenations performed with molecular deuterium, a simple gas line 
apparatus was employed (fig 1.3a). This allows reactions to be performed at room 
temperature and approximately 1 atmosphere pressure. The gas line manifold is 
constructed from glass and narrow bore stainless steel tubing, joined where necessary 
means of metal-glass bonded unions. The key features are a) glass reaction vessel 
attached to a central metal manifold via a valve (1), b) deuterium gas cylinder (4), c) 
mercury reservoir / manometer (3) and d) vacuum / helium line via a second glass 
manifold (2),
manifold
—
reaction
flask helium reservoir
~ vacuum
m ercury reservoirdeuterium gas 
cylinder cold trap
fig 1.3a
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Operating Procedure
All valves are checked to ensure they are closed and the vacuum pump is switched on. 
Liquid nitrogen should be present in the cold trap to prevent any solvent vapour from 
entering the pump itself and the helium reservoir should be charged. The reaction 
vessel (~ 5ml) should be prepared with the catalyst, substrate, solvent and stirrer bar 
(made from a short piece of paperclip encapsulated in the end of a glass pipette or the 
small teflon coated type) which should be immediately frozen in liquid nitrogen before 
attaching to the manifold.
De-gassing : Valve (6) and (2) can now be opened, evacuating the main manifold. With 
the contents of the reaction flask still frozen, valve (1) can be opened, carefully 
followed by valve (3) (care must be taken in opening the valve to avoid sucking 
mercury into the manifold). Afrer evacuating the system all the opened valves are 
closed. Valve (5) and (2) can now be opened to allow helium into the manifold. Helium 
is carefully allowed into the mercury reservoir by opening valve (3), and also into the 
reaction flask by opening valve (1). The contents of the flask are then thawed under an 
atmosphere of helium. After a few minutes the flask is refrozen in liquid nitrogen and 
all the valves closed. In order to fully de-gas the system and remove any traces of 
oxygen, the above evacuation and helium sweeping procedure must be followed two or 
three times.
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Charging the gas line : After the system has been de-gassed, the gas line can be 
evacuated up to the manifold, by opening valves (2) and (6). Valve (4) can now be 
opened allowing deuterium gas into the manifold, valve (3) is also slowly opened so 
the mercury reservoir can also be charged (care must be taken when charging the 
reservoir, to avoid over pressurising the system). The deuterium gas should be added 
until the mercury levels are approximately level, which is equivalent to atmospheric 
pressure. Valve (4) can now be closed and valve (1) opened allowing deuterium gas 
into the reaction flask, which is then allowed to thaw and a small magnetic stirrer 
placed underneath.
Uptake of gas can be monitored by small changes in the mercury levels and if necessary 
further deuterium gas can be added during the reaction by closing valves (1) and (3). 
Valve (4) is then opened and the mercury reservoir is recharged by carefully opening 
valve (3) until the desired pressure is reached. Valve (4) is then closed and valve (1) 
re-opened. When the reaction was complete and no more uptake of gas was observed, 
all the valves were closed and the reaction flask could be removed for work up.
Tritiation Procedure : Tritiation reactions can be performed on a similar apparatus as 
described by Jones et a f \  using tritium gas (1 or 2 Ci) supplied in ampoules. However 
all hydrogenations using tritium gas which are presented in this thesis, were performed 
at Nycomed Amersham pic, Cardiff The reactions were carried out at room 
temperature using a stainless steel tritiation rig equipped with a uranium bed on a 
multicurie scale (-1 0  Ci).
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1.3.2 Deuterium and Tritium NMR (Nuclear Magnetic Resonance) Spectrocopy
Deuterium NMR Spectroscopy
Since the development of modem NMR spectrometers in the 1970’s the use of and 
NMR spectrometry has become routine for the organic chemist'^ ’^'^ .^ Direct 
information can be obtained on the chemical structure in a non-destructive manner. 
Likewise the development of deuterium NMR spectroscopy' '^  ^has given the chemist an 
invaluable method of determining the position and extent of labelling. This is made 
easier by the fact that deuterium has a low natural abundance and virtually the same 
chemical shift as protons.
Unfortunately there are several drawbacks to deuterium NMR spectroscopy'^ .^ 
Deuterium nuclei are quadmpolar and give broad spectral lines and as the chemical 
shift range is small, spectra may be poorly resolved. Deuterium nuclei also have a low 
sensitivity compared to protons and 10'* more accumulations are required to give a 
signal of similar intensity for an equivalent number of nuclei. Therefore the demand on 
instrument time is very high when compared to proton NMR spectroscopy.
Table 1.3a : Nuclear properties of Hydrogen Isotopes
Isotope Natural
abundance
(%)
Nuclear
spin
Magnetic
moment
(h/Hn)
Resonance 
frequency 
(MHz at 7.IT)
Relative
sensitivity
*H 99.984 1/2 4.8371 300.13 1.0
0.0156 1 1.2125 46.07 9.65x10'^
< 10'*® 1/2 5.1594 320.13 1.21
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Tritium NM R spectroscopy
As the use of tritiated compounds increased, so did the need for a reliable analytical 
method. This is particularly important for tracer compounds, where the position and 
extent of label needs to be accurately determined'^ .^ In 1968 the Chemistiy Department 
at the University of Surrey and Nycomed Amersham pic (formely ‘The Radiochemical 
Centre’ at Amersham) set up a collaborative project to develop tritium NMR 
spectroscopy'^^. Pioneering research was hampered by the need to spin multicurie 
amounts of tritiated compounds at high speeds in glass tubes'^ ®. The quantity of 
tritiated compound required was dependent on the sensitivity of the spectrometer and 
limits on instrument time. Over time the sensitivity of the NMR spectometers has 
improved as well as tritium handling techniques and it has now become an important 
tool for the radiochemist'*  ^'^  ^'^  ^'^ .^
Tritium lends itself very well to NMR techniques as it is has a nuclear spin of 1/2 and a 
high magnetogyric constant, with a higher receptivity than any other nucleus. Tritium, 
like deuterium, has almost the same chemical shifts as protons and as the spectral lines 
are sharp, so accurate assignment of the tritium NMR spectrum can be made'^ .^ The 
natural abundance of tritium is also extremely low and unlike NMR spectroscopy 
background signals from the solvent are not observed. Therefore current detectability 
limits for NMR spectroscopy are dependent on the sensitivity of the instrument. A 
typical detectability level for a 10:1 signal to noise ratio is around 18 p,Ci (0.67 MBq) 
per site for an overnight run (16 hrs).
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Sample preparation and experimental details
A sample preparation and handling procedure has been developed, in order to safely 
run tritium NMR spectra. Samples are dissolved in an appropriate NMR solvent (~ 300 
nl), which is transfered into a nan ow PTFE tube and sealed with a teflon plug. The 
PTFE tube can then be inserted into a 5 mm glass NMR tube fitted with a screw top, 
so that the tritiated sample is doubly contained. The NMR tube containing the sample 
is transfered to the spectrometer in a suitable plastic container and only removed 
immediately prior to running the sample.
All NMR spectra are recorded using a Bruker AC-300E FT NMR spectrometer, 
operating at 300 MHz for protons and at 320 MHz with broad band decoupling for 
tritium. Chemical shifts are indirectly referenced to ^H-tetramethylsilane using the 
empirically determined magnetogyric ratios to give a notional value for ^H- 
tetramethylsilane.
Deuterium NMR spectrometry is performed at 46 MHz but must be run unlocked in a 
suitable protonated solvent. Referencing is normally accomplished in a similar fashion 
to tritium, with a notional value for ^H-tetramethylsilane calculated from the 
magnetogyric ratios. Further referencing can also be achieved by addition of a 
deuteriated reference compound or from the residual deuterium signals from the 
protonated solvents.
19
1.3.3 Liquid Scintillation Counting
Due to the weakness of the tritium (3-radiation, end window counting such as found in 
Geiger and gas proportional counters is not very effective and the most widely used 
counting method is liquid scintillation counting. This involves the use of a scintillant 
capable of efficiently transferring the radiation energy into light, in the form of 
photons. The photons can then be counted using a photomultiplier tube. The scintillant 
normally consists of a primary solvent such as toluene together with a primary solute. 
One of the main solutes used is 2,5-diphenyloxazole (PPG), although other secondary 
solutes and solvents are also added in what can be best described as a scintillant 
cocktail. Several commercially available cocktails are also available often referred to by 
trade names such as Ecoscint.
The scintillation process requires the tritium (3-radiation energy to be transferred to the 
scintillant solvent, possibly in the form of ionisation, dissociation or excitation energy 
of the solvent molecule. The energy is then transferred to the primary solute which is 
fluorescent. As these excited solute molecules return to the ground state, the energy is 
released in the form of light quanta in the visible or near ultra-violet region. The light 
quanta produced are directly proportional to the radioactivity in the sample and 
normally recorded in units of DPM (disintegrations per minute).
20
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Chapter 2
Hydrogenation of Unsaturated
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2.1 Hydrogenation with Wilkinson’s Catalyst
2.1.1 General Introduction
Research by Wilkinson and his co-workers^'^ in the mid 1960’s led to the development 
of several transition metal complexes which were found to catalyse the hydrogenation 
of unsaturated compounds in homogeneous solutions. Before this time very few 
homogeneous catalytic systems were reported, although the activation of molecular 
hydrogen by transition metal ions and complexes in homogeneous solutions was 
known' '^ '^^ . This work eventually led to the development of a rhodium (I) complex, 
chloro/77j(triphenylphosphine)rhodium(I), which is commonly referred to as 
‘Wilkinson’s catalyst’. This complex was found to be a very efficient hydrogenation 
catalyst and has since become the predecessor of a wide range of modem 
homogeneous catalysts. Furthermore these catalysts are an important synthetic tool for 
the introduction of labels^ ®’^  ^or asymmetric centres '^  ^into organic compounds.
In the 1960s Wilkinson et a f  were perfoiining studies on the use of reducing agents for 
the catalytic preparation of rhodium (III) complexes from RhCl3.3H20. During their 
studies they found that molecular hydrogen could act as a catalyst for the preparation 
of the ^ûfW5-[Rhpy4Cl2] complex from pyridine solutions. This complex in turn was 
found to catalyse the reduction of hex-l-ene by hydrogen at atmospheric pressure. 
Wilkinson and co-workers then went on to investigate ways of stabilising the complex 
so as to avoid reduction of rhodium to the metal. They experimented with stronger t z -
11
acceptor ligands such as tertiary phosphines and arsine, and it was during the 
preparation of these rhodium complexes with excess triphenylphosphine that the 
formation of a rhodium (I) complex, Rh(PPh3)3 Cl, was discovered. This turned out to 
be the most effective homogeneous hydrogenation catalyst yet found, requiring only 
mild conditions. The hydrogenation of a wide range of unsaturated compounds could 
be achieved at room temperatures and pressures, and many examples were quickly 
reported '^^ .^
-PPI13 +H 2
Rh(PPli3)3a  RhS(PPh3)2a
S = solvent -CHR’
Rh(PPh3)2Cl
RhS(PPli3)2ClH2
Rh(^ {6=Ol^ 3(PPh3)2CIH2
fig 2,1a
More importantly by use of the chloroA75(triphenylphosphine)rhodium(I) complex, 
Wilkinson^ was able to show the formation and subsequent decay of metal hydride 
species during the hydrogenation of alkenes to alkanes in the presence of molecular 
hydrogen (fig 2.1a). Previously the formation of transition metal-hydrogen bonds were 
only postulated as intermediates in hydrogenations using both homogeneous and 
heterogeneous catalysts. Wilkinson '^  ^ showed that Rh(PPh3)3Cl dissociates in solvents 
to form a solvated species Rh(PPh3)2(S)Cl (S = solvent), which then proceeds to form 
a hydride species Rh(PPh3)2 (S)ClH2 , which is in equilibrium with dissolved hydrogen.
28
Evidence for this came from observed high field lines in the proton NMR spectrum. In 
the final step of the hydrogenation process, solvent is displaced competitively by the 
alkene and stereospecific cis transfer of the hydrogen to the alkene then occurs to 
afford the saturated product.
2.1.2 Synthesis and Properties of Wilkinson’s Catalsyst
Wilkinson’s catalyst is synthesised from rhodium(III)chloride trihydrate (RhCl3.3H20) 
by refluxing with excess triphenylphosphine in ethanol, according to the reaction 
scheme shown in fig 2. lb. The triphenylphosphine must be freshly crystallised from 
ethanol to remove triphenylphosphine oxide. Care must also be taken to exclude 
oxygen from the reaction mixture by continuous purging with nitrogen. Upon refluxing 
for approximately two hours, a red crystalline product begins to precipitate and can be 
collected by vacuum filtration. If insufficient ethanol is used, an orange crystalline 
product is obtained after only a few minutes of refluxing. This polymorphic form of the 
product has similar chemical properties but does not possess the same catalytic 
activity. The orange ciystalline product can be converted to the red crystalline form by 
continued refluxing.
reflux
RhOg + 4 PPhg -----------------► Rh(PPh3)3CI + Cl2PPh3ethanol
( QjPPha + HjO --------► OPPh3 + 2HC1 )
fig 2.1b
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The red crystalline complex, Rh(PPh3)3 Cl has a m.p. of 157°C and is soluble in 
chloroform or dichloromethane (~ 20 g 1’^ ), but only slightly soluble in benzene or 
toluene (~ 2 g 1'^ ) and is considerably less soluble in acetone and alcohols. In donor 
solvents such as pyridine, DMSO and acetonitrile, the complex dissolves to give a 
complex of the type Rh(PPhs)2LCl ( L = donor solvent). Several rhodium complexes 
have also been reported from reactions of Wilkinson’s catalyst and pyridine^ .^
Solutions of the complex in chloroform and benzene readily absorb, oxygen to form an 
inactive oxygenated complex, emphasising the need for appropriate de-gassing of all 
solvents. It has also been observed that the complex dissociates in solution, and over 
long periods of time may dimerise (fig 2.1c). The orange-pink dimer possesses similar 
stoichiometry to the solvated complex, but is only sparingly soluble in organic solvents 
and gradually precipitates from the solution.
solvent
Rh(PPh3)3a - ,— ..-...ür Rh(PPh3)2CI + PPI13
2 Rh(PPh3)2a --------9  ^ [Rh(PPh3)2CI]2
fig 2.1c
This dimer was predicted by Wilkinson^ to be a halogen bridged structure (13). A 
corresponding hydrido species (14) can also be formed when the dimer dissolved in 
dichloromethane was subjected to an atmosphere of hydrogen. However more recent 
studies by Morokuma et al^  ^using ab initio MO methods, and studies by Eisenberg et
30
using PHIP (parahydrogen-induced polarization) have predicted a slightly different 
hydrido species (15) to that reported by Wilkinson. These dimers were found not to be 
directly involved in the catalytic pathway and their formation could be suppressed by 
using an excess of triphenylphosphine during the reaction.
H  H  P P hP h i P . .  A  P h , P .  . a .  . P P h .  P h . R  C l  H
R l \  ^ R h  R h ‘  R h '  R h "  R h ‘
P h g P  a  P P h s  P h g P ' ^  C l ^  P P h g  P h j P ' ^  C l " ^  I HP P h .
1513 14
f i g  2, l d
Recently Ogle et af^ have isolated ^'fl«5-dichloro/>75(triphenylphosphine)rhodium(II), 
[(PPh3)2RhCl2] (16), a square planar rhodium(II) monomer (fig 1.2e) which they 
believe to be a minor paramagnetic impurity often observed with Wilkinson’s catalyst. 
The presence of a rhodium(II) paramagnetic impurity was also suggested by Candlin 
and Oldman^. Ogle isolated the crystalline rhodium(II) monomer, during their attempts 
to grow the complex, [(cod)RhCIPPh3 ] (cod = cycloocta-1,5-diene). The crystal has 
been fully characterised using X-ray diffraction, NMR spectroscopy, far-IR 
spectroscopy, EPR spectroscopy and mass spectrometry.
ph.p'^ a
16
fig 2.1e
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2.1.3 Mechanism of Hydrogenation
The mechanism of hydrogenation with Wilkinson’s catalyst has been extensively 
studied. The complex has also been subject to many recent investigations, using both 
PHIP (para hydrogen-induced polarization)^® and ab initio MO studies^^’^  ^to elucidate 
the full catalytic cycle. These however are still in close agreement with the original 
mechanism proposed by Wilkinson^ (fig 2.1Q.
S H2
Rh(PPh3)3a - , ------ ^  RhS(PPh3)2CI ^ RhS(PPh3)2CiH2
PPh3 ^  Ki
S = solvent
II  a l k e ne
alkene
k"
Rh(alkene)(PPh3 )2 Q   ------- ► RhS(PPh3 )2 Cl + alkane
H.
fig2 .1 f
Wilkinson presented strong evidence to show initially the formation of a rhodium 
hydride species, Rh(PPh3)2 Cl(S)H2 , followed by displacement of the solvent by the 
alkene. Stereospecific c/^-transfer of the hydrogen to the alkene was then observed, 
however there was no direct evidence to show the precise manner in which these two 
hydrogens were transferred. It was postulated by Wilkinson '^ ,^ that simultaneous 
transfer occurs without the formation of an alkyl intermediate, which was later found 
to be wrong. Wilkinson also investigated rates of hydrogenation, and from the kinetic 
data he went on to describe the reaction pathway (fig 2. If). He suggested that the rate 
limiting step was the displacement of coordinated solvent from the dihydrido species
32
by the alkene, k’. Experimental data also suggested that k” = 0 thus the following rate 
equation was derived :
Rate = d(alkane) k’KiLHj] [alkene] [catalyst]dt 1 + Kj^ [Jbl2 ] + R; [alkene]
wliere :
Ki & K2  are the equilibrium constants and
k’ & k” are the rate constants as shown in fig 2 ,lf
This equation was found to accommodate most of the experimental data produced. 
The derived rate equation also indicates that the overall rate of reaction is influenced 
by the nature of the ligand, solvent and the alkene. So in order to achieve effective 
catalytic hydrogenation of unsaturated substrates, K2  must be small. Interestingly, 
experiments by Wilkinson showed that ethylene, which is the simplest alkene and has 
the largest K2  value, was not reduced in this catalytic system .^ Furthermore when 
further alkenes are added to the catalytic reaction mixture under an ethylene-hydrogen 
gas mixture, no hydrogenation was observed. Thus ethylene can be considered an 
effective poison for this system.
2.1,4 Hydrogen Transfer and Olefin Insertion
The hydrogen transfer step of the catalytic cycle was known to give cis addition, 
however Wilkinson was not able to obtain any chemical evidence to show if this 
proceeded via a simultaneous or stepwise hydrogen transfer mechanism to give an
33
alkyl intermediate. Although he originally believed there was a simultaneous transfer of 
hydrogen, he also postulated a mechanism whereby the transfer of one hydride to a 
disubstituted acetylene, gives an alkyl intermediate^ (18). The formation of this metal- 
carbon bond and the presence of the R and R’ groups then directs the transfer of the 
second hydride to give the cis product (19) (fig 2.1g).
R'
R
cis-alkene
17 18 19
fig2.1g
Other important mechanistic information can be found fi’om the observed kinetic 
isotope effect. Wilkinson measured rates of uptake of hydrogen and deuterium gas in 
the hydrogenation of cyclohexene, where the kinetic isotope effect (kn/ko) was found 
to be 0.9. Such a low kinetic isotope effect would suggest a secondary rather than a 
primary isotope effect, and so Wilkinson proposed a second mechanism^. This 
mechanism involved the formation of a three-centre transition state (21) in which 
lengthening of the Rh-H bond occurs synchronously with the formation of a C-H bond 
(fig 2.1h). In this mechanism the metal-hydrogen bond does not break and could be 
used to explain the small kinetic isotope effect.
^  4- ^ 4 “+ u - ha
20 21 22 
fig 2.1h
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This mechanism however does not fit the experimental data acquired from experiments 
carried out using deuterium gas, where extensive exchange patterns have been 
observed. Hussey and Takeuchi^ looked at the hydrogenation of various substituted 
cyclohexene substrates, using Rh(PPh3)3 Cl under 1 atmosphere deuterium. Analysis of 
products clearly showed a mixture of di,d2  and ds-alkane products. This implied that a 
stepwise transfer mechanism is involved, where the first hydrogen transfer step is a 
reversible process (fig 2.1i).
« Ph.p O  LV
20 23 22
fig2.1i
The stepwise hydrogen transfer is now accepted as the correct reaction pathway. The 
first hydrogen transfer, giving rise to the hydridoalkyl intermediate, HRhClL2 (alkyl) 
(23), is believed to be the rate-determining step. The precise mechanism of this step is 
still not known as this hydridoalkyl intermediate has not been directly observed by 
spectroscopic techniques, although a similar cationic hydrido(alkyl)rhodium 
intermediate has been characterised by ^H NMR spectroscopy. However an ab initio 
study has been carried out by Dedieu^ ,^ to determine if the transfer step proceeds 
through hydride migration or through olefin insertion. It was postulated that for 
ethylene, the process can best be described as an olefin insertion into the Rh-H bond, 
although this work was not conclusive (fig 2.1j).
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H CH.
a ^ \pphj
20
H CHj 
20
olefin insertion
H migration
^ " A ..
a PPh. H
24
PhaP,•I., ..«'CiHs Rh'
25
fig 2.1J
2.1.5 Mechanism of Olefin Isomérisation
Further evidence for the stepwise transfer of hydrogen comes from the observation of 
isomérisation in some olefins^ .^ Biellman and Jung^ published a short communication in 
1968, reporting the isomérisation of damsin (26) to isodamsin (27) (fig 2.1k), when 
studying the hydrogenation of these substrates using Wilkinson’s catalyst.
damsin
H.
Rh(PPh3)3CI
isodamsin
26 27
f i g  2 . 1 k
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Biellman and Jung  ^made several important observations, firstly no alkene 
isomérisation is observed with Rh(PPh3)3 Cl alone and the presence of hydrogen is 
required for the reaction to proceed. Secondly when Rh(PPh3)sClD2  and damsin are 
reacted in equivalent quantities, 58% incorporation of a single deuterium atom is found 
in the isodamsin product, but none of the doubly incorporated product is observed^. 
These observations can only be accommodated by a mechanism (fig 2.11), which 
involves initial transfer of one hydrogen (28-»29 or 28-»32), forming a metal-alkyl 
intermediate. The reverse process then takes place to regenerate the metal-alkene 
complex (28), however a hydrogen may be abstracted fiiom a different carbon 
(32->31) which leads to double bond isomérisation. The alkene can then be released 
from the rhodium complex to give the isomerised olefin and active metal hydride. 
When deuterium gas is used, exchange of hydrogen for deuterium is also observed, 
affording the labelled alkene (30 or 33).
►Ph,
28
PÜ3P,
31
PÜ.P.
Cl L“3
29
PkaP.,,
Cl
D n ?  
32
fig 2.11
H R'
30
PPh,
33
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2.1.6 Solvent Effects
There are two possible solvated intermediates RhS(PPh3)2Cl and RhS(PPh3)2 ClH2  (S = 
solvent) formed in the hydrogenation pathway. In order for the alkene to coordinate to 
either rhodium complex, solvent must be first displaced. It is perhaps not surprising 
therefore that marked solvent effects have been observed^’^ ’^ . Initial studies on the 
effects of solvents and co-solvents were also carried out by Wilkinson and his group '^ .^ 
He reported that the addition of polar co-solvents such as alcohols or ketones to 
benzene, gave a substantial increase in the rate of hydrogenation. In pure alcohol 
solvents however, the catalyst had poor solubility and it resulted in the slow 
abstraction of carbon monoxide, which eventually deactivated the catalyst. It was also 
found that strongly coordinating solvents such as pyridine and acetonitrile, inhibited 
the rate of hydrogenation and acted as a poison in a similar fasliion to ethylene.
Candlin and Oldman^ have also performed extensive studies on the effect solvents have 
on the rate of hydrogenation for both single and mixed substrates. They found that 
different solvents gave marked differences in selectivity for mixed substrates. This 
work also showed that hydrogenation in strongly coordinating solvents such as DMSO 
and DMF is very slow and they were able to draw some important conclusions about 
the nature of the alkene; a) terminal alkenes are hydrogenated at the same rate; b) 
alkenes with internal double bonds and cyclic alkenes are reduced slower than terminal 
alkenes, and c) sterically hindered and trans-substituted alkenes are less prone to 
hydrogenation. Essentially the coordinating ability of the alkene has a powerful 
influence on the rate of hydrogenation of the substrate.
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Rylander '^  ^has also reported that the solvent greatly influences the rate of isomérisation 
of alkenes. An example is given where the saturation of the double bond in 4-(4- 
methoxyphenyl)-3-(2-nitro-4-methoxyphenyl)-l-pentene (34) was accomplished easily 
using Rh(PPh])]Cl in benzene, but when the solvent was changed to benzene / ethanol
isomérisation was observed "^  ^(fig 2, Im). He further states that isomérisation decreases 
with the nature of the solvent in the order ethanol > pentane >1:1 benzene / ethanol, 
suggesting that benzene is a good isomérisation inhibitor.
,OMe
Me O' NOz
Hz
Rh(PPh3)3Clw
benzene
R.T. Me O'
34
OMc
,OMe
Me O'
34
Hz
RhCPPli3)3a
benzene / EtOH 
R.T.
fig 2.1m
OMe
‘NO.Me O'
35
OMe
Me O' “NO-
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2.2 Hydrogenation of Selected Substrates with deuterimn gas
2.2.1 Alkyne Hydrogenation
Hydrogenation of phenvlacetvlene
Initial experiments were performed using phenylacetylene (37), a simple aromatic 
alkyne, where no double bond isomérisation is possible. We did however observe the 
formation of d2 -styrene (38) as an intermediate during the reduction to ethyl benzene. 
Because acetylenes are much more strongly coordinated to rhodium than the 
corresponding olefins, they will favourably occupy the catalytic sites over any olefins 
present, and be reduced preferentially (fig 2.2a).
H
37
RhfPPhsIgCl
CHCh
38 39
fig 2.2a
Initial experiments on the reduction of phenylacetylene were performed using a 7% 
(mol/mol) loading of Wilkinson’s catalyst in chloroform and performed under an 
atmosphere of deuterium gas. The reaction mixture was stirred at room temperature 
and the uptake of deuterium gas was monitored by means of a graduated mercury 
manometer.
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It was observed that the uptake of gas was initially very fast; after approximately one 
mole equivalent of deuterium gas had been consumed (~ 1 «2 ml) the rate of 
hydrogenation decreased (graph 2.2a). This initial uptake of gas corresponds to the 
hydrogenation of the phenylacetylene to styrene and when the reaction was sampled at 
this point, NMR spectroscopy showed the major product to be labelled styrene.
oi
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graph 2.2a
After four and a half hours stirring at room temperature, the reaction mixture was 
again sampled. The %  NMR (^H decoupled) spectrum showed the formation of some 
fully reduced d^-ethylbenzene product (ô 1.21 & 2.61 ppm) (39), but significant signals
consistent with d2 -styrene (38) could also be observed (6 5.21 & 6.68 ppm) indicating 
the reaction had not gone to completion.
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NMR ( H decoupled) spectrum of phenylacetylene hydrogenation after 100 
mins (CHCI3)
NMR ( H decoupled) spectrum of phenylacetylene hydrogenation after 270 
mins (CHCI3)
"lb 9 8........... ) 6 1
w
6 PPM 5
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Clearly these observations suggest that the rate of hydrogenation for styrene to 
ethylbenzene is much slower than the hydrogenation of phenylacetylene to styrene. We 
therefore continued the reaction overnight (~ 16hrs) before working up the reaction 
mixture. Analysis showed no trace of the d2 -styrene product (38) and only the fully 
reduced d4 -ethylbenzene product (39) was isolated in 98 % yield. The NMR (^H 
decoupled) showed two signals at ô 1.21 & 2.61 ppm consistent with labelled methyl 
and methylene groups, respectively. Interestingly the deuterium distribution was 
calculated from peak intensities and showed 67% of the label in methyl position and 
33% in the methylene position. This suggests extensive scrambling of the label due to 
formation of a metal-alkyl intermediate in a reversible hydrogen transfer step.
H NMR ( H decoupled) spectrum of d4-ethylbenzene (CHCb)
10 ■ I. ■ ■ r[T-nr-.) . T. ip6  PPM 5 4
41
Hydrogenation of 2-butvn-1 -ol
In a further study we looked at the hydrogenation of 2-butyn-l-ol (40), again in 
chloroform and using deuterium gas (fig 2.2b). We found that because the substrate 
has an internal triple bond, the rate of hydrogenation was much slower than for 
substrates with terminal triple bonds. Even when we used a higher loading of catalyst, 
20 % (mol/mol), the reaction required stirring at room temperature for 24 hrs before 
the reduction to the alkane (42) was complete. The reaction followed a similar profile 
to phenylacetylene, where a fast uptake of deuterium gas is observed initially and then 
becomes much slower after the uptake of a mole equivalent of deuterium gas.
1>2
Rh(PPh3)3a  D D D , D D
H3 C—C =C —CHjOH ------------------ ». 'o = C ^ -------------------------- -► D—C—C<-D
2-b„,ya-I.ol CHO, H,C^ 'cH ,O H  = 3 ^  'cH ,O H
40 41 42
fig 2.2b
Under ideal conditions the reaction can be described by the reaction scheme shown in 
fig 2.2b. The hydrogenation of 2-butyn-l-ol (40) is likely to afford the cis isomer of 
d2-2-buten-l-ol (41), by addition of deuterium across the triple bond. However when 
chloroform is employed as the reaction solvent, we can expect extensive isomérisation 
and exchange during the hydrogenation of d2-2-buten-l-ol (41). Indeed we isolated 
both the fully reduced d4-butan-l-ol (42) and the ds-butyraldehyde (43) isomérisation 
product in the aproximate ratio 2 : 1 (fig 2.2c).
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H NMR spectrum of d4-butan-l-ol (C D C I3)
1 0  à 8 ) 6 PPM 5  ' 4   à.....  ' 2
H NMR ( H decoupled) spectrum of 2-butyn-l-ol hydrogenation (CHCI3)
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fig 2.2c
The NMR (^H decoupled) spectrum showed four major products peaks, which 
were consistent with the two labelled methylene positions in d4-butan-l-ol (42) (6 
1.28 & 1.45 ppm) and the two labelled methylene positions in ds-butyraldehyde (43) (6
1.57 & 2.31 ppm). We also observed some minor peaks from exchange into other 
positions. The ds-butyraldehyde (43) must clearly derive from the tautomérisation of 
d2-2-buten-l-ol (41) to 1-buten-l-ol (47), which in turn is formed by the isomérisation 
of the 2-buten-l-ol. We can postulate a mecha/ijspi involving the formation of a metal- 
alkyl intermediate (45) in a reversible deuterium transfer step (fig 2.2d). A second 
deuterium can then be transfered to give the d4 -butan-l-ol (42) product or alternatively 
a hydrogen from an adjacent carbon can be abstracted (46). This will result in the 
isomérisation of the double bond, leading to the formation of ds-1-buten-l-ol (47) and 
hence ds-butyraldehyde (43).
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Clearly we have shown that chloroform will support isomérisation of compounds with 
internal double bonds such^-buten-1 -ol. We may also use this observation to explain 
in part why the rate of hydrogenation of 2-butyn-l-ol is very slow when compared to 
phenylacetylene. As isomérisation is in competition with hydrogenation, then clearly 
compounds in which isomersiation is not possible may show greater rates of 
hydrogenation. Likewise if the isomérisation can be inhibited in compounds such as 2- 
butyn-l-ol this will also lead to improved rates of hydrogenation. However the most 
important factor we must take into account is that phenylacetylene has a terminal triple 
bond and is much less hindered then 2-butyn-l-ol which has an internal triple bond. 
Therefore phenylacetylene proves to be a much better coordinating substrate than 2- 
butyn-l-ol and so the rate of hydrogenation is much faster.
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2.2.2 Alkene Hydrogenation
Hvdogenation of stvrene
The hydrogenation of styrene (48) was investigated, which provides us with a simple 
aromatic terminal alkene where isomérisation is not possible. It was known from 
studies with phenylacetylene that when employing chloroform as the solvent, extensive 
exchange between the methyl and methylene protons / douterons was observed. It was 
decided to look more closely at the hydrogenation of styrene using different solvents.
RhCPPhjIjQ
a) CHQa
b) toluene / EtOH
48 49
fig 2.2e
Initial experiments were carried out using chloroform with a 5 % catalyst loading ( by 
mol) under an atmosphere of deuterium (fig 2.2e). With chloroform the reaction took 
approximately six hours for completion, however when the same reaction was 
performed in a toluene / ethanol solvent mixture it took approximately four hours to 
completion. In both reactions ethylbenzene (49) was isolated in greater than 98 % 
yield. Interestingly however the NMR (^H decoupled) spectrum of the reaction 
mixture in toluene / EtOH gave two product peaks of equal intensity, whereas the 
reaction in chloroform showed, as expected, extensive exchange between the methyl 
and methylene groups.
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H NMR spectrum of styrene (CDCI3)
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H NMR ( H decoupled) spectrum of dz-ethylbenzeue from toluene / EtOH 
(CHCI3)
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H NMR ( H decoupled) spectrum of dz-ethylbenzene from chloroform (CHCI3)
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Hydrogenation of l-phenvl-3-propene ('allvlbenzenel
The extent of isomérisation is known to be dependent on the reaction solvent and it 
was apparent from the hydrogenation of styrene that toluene was effectively an 
inhibitor of isomérisation. In order to investigate this further we decided to 
hydrogenate 1 -phenylprop-3 -ene (50) using both toluene and chloroform as reaction 
solvents. The hydrogenation was performed using a 20 % (mol/mol) catalyst loading 
under a deuterium atmosphere. The reaction in chloroform was stirred at room 
temperature for 16 hours, before being worked up. The major product was dz- 
propylbenzene (53), although labelled 1-phenylprop-3-ene (51) starting material and 1- 
phenyl-2-propene (52) were also obtained in 69, 18 and 13 % yield respectively as 
determined from ^H NMR spectroscopy (fig 2.2f).
D/H^  WD ?
D/H—C H/DH Rh(PPh3)3Cl
CHCI3 
16 lu9
H/DD/H^ I^ H/D?D/H yC^H/D 
D/H—C H/D
50
1 “pUeny Iprop-3-e EC 
(alfylbenzene)
51 52
l-phenylprop-3-ene l-phei^lprDp-2-eue
flg2 .2f
53
d2-pivpylbenzene
The reaction was repeated using toluene as the reaction solvent and this showed quite 
a dramatic increase in rate. Complete hydrogenation of 1-phenylprop-3-ene (50) to dz- 
propylbenzene (53) was achieved in approximately two hours. Furthermore analysis of 
the reaction mixture by ^H NMR spectroscopy showed no isomérisation or scrambling 
of the deuterium label and gave two peaks of equal intensity.
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NMR ( H decoupled) spectrum of l-phenylprop-3-ene hydrogenation in 
chloroform (CHCI3)
H NMR ( H decoupled) spectrum of dz- propylbenzene from toluene (CHCI3)
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Hydrogenation of Cinnamvl Alcohol r3-phenvlprop-2-en-l-ol)
When 2-butyn-l-ol was hydrogenated, it was found that isomerisatiou of dz-Z-buten-l- 
ol intermediate gave ds-butyraldehyde. Under ^ equivalent conditions we can predict a 
similar isomérisation mechanjj/n with cinnamyl alcohol. Therefore the hydrogenation 
of cinnamyl alcohol (54) was initially performed in chloroform. The reaction was 
stirred for 16 hours at room temperature under an atmosphere of deuterium. Upon 
workup of the reaction mixture two products were identified, dz-hydrocinnamyl 
alcohol (3-phenylpropan-l-ol) (55) and the isomérisation product di- 
hydrocinnamaldehyde (3-phenylpropan-l-al) (56), in the proportions 66 and 34 % 
respectively as determined by ISIMR spectroscopy (fig 2.2g).
O. HYC -H  D C -HRh(PPh3)3Q H~C^ D H-^C'ÇH2 OH
CHCI3 
16 hrs o  o
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fig 2.2g
In contrast the reaction performed in toluene went to completion in 5 hours, and 
analysis of the reaction mixture showed only the d2 -hydrocinnamyl alcohol (55) 
product which was isolated in 97 % yield. The same reaction was also performed in 
chlorobenzene and this gave similar results to the reaction in toluene. To confirm these 
results the hydrogenation of cinnamaldéhyde with deuterium was performed in toluene 
to give dz-hydrocinnamaldehyde.
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H NMR spectrum of cinnamyl alcohol (CDCI3)
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H NMR ( H decoupled) spectrum of cinnamyl alcohol hydrogenation in CHCI3 
(CHCI3)
6 PPM
H NMR ( H decoupled) spectrum dz-hydrocinnamyl alcohol from toluene 
(CHCI3)
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H NMR ( H decoupled) spectrum of d2~hydrocinnamyl alcohol from 
chlorobenzene (CHCI3)
H NMR ( H decoupled) spectrum of di-hydrocinnamaldehyde from toluene 
(CHCI3)
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2.2,3 Hydrogenation of a,3-unsaturated carboxylic acids
As steric hindrance in substrates increases, the rate of hydrogenation is found to 
decrease. In particular tii-substituted alkenes are hydrogenated much more slowly than 
di-substitued alkenes, and tetra-substituted alkenes are virtually unreactive towards 
Wilkinson's catalyst. By looking at a /;‘a«5-cinnamic acid (57) and a-substitued trans- 
methyl (58) and ^a«5-phenyl cinnamic acid (59), the effect of steric crowding can be 
clearly demonstrated (fig 2.2h).
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cinnamic acid /raH5-methylcinnamic acid ^raHs-phenylcinnamic acid
fig 2.2h
The hydrogenation of these three compounds was performed under identical conditions 
(fig 2.2i) with a 5% loading of catalyst (mol/mol), using toluene as the reaction 
solvent. As expected the least hindered /r^ TW^ -cinnamic acid (57), was hydrogenated the 
most rapidly with the reaction near completion after 2 hours. The introduction of the 
methyl substituent had a dramatic effect on the rate of hydrogenation, and we only 
isolated the d2 -methylhydrocinnamic acid product in 33 yield % after 72 hours at room 
temperature. We did not observe any hydrogenation of a-trans-phenylcinnamic acid 
(59) substrate under these conditions, no doubt due to the greater steric hindrance 
from the a-phenyl group.
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o
I>2
H CO,H H Y CO2H'   ^ Rh(PPh3)3Ci 0 .0 1 7  moles ^ -
R  ►
0 .3 4  moles
toluene 1.5  ml
a) R = H 2 hours yield = 98  %
b) R = CH3 72  houi's yield = 33  %
c) R = Ph no leaction
«g 2.21
Analysis of the d2 -hydrocinnamic acid by NMR spectroscopy showed two product
peaks in the decoupled spectrum, consistent with addition across the double bond. 
Likewise the d^-methylhydrocinnamic acid product also showed a similar labelling 
pattern. Interestingly the two methylene protons in methylhydrocinnamic acid are 
inequivalent and this is expected to give rise to two sets of double doublets in the 
NMR spectrum. However these signals overlap slightly and unfortunately due to the 
broad nature of the lines observed in NMR spectroscopy resolution of both these 
positions is not possible. Thus although the line appears broader than normal, it is 
unclear if the label is introduced into only one or both of the methylene positions. Also 
we did not see label introduced into the methyl position, suggesting isomérisation had 
been suppressed during the reaction. A fiirther experiment was performed on a-trans- 
methylcinnamic acid (58) using chloroform as the reaction solvent. In this case the dz- 
methylhydrocinnamic acid product was isolated in 27 % yield, with of course the lower 
yield being expected if isomérisation was supported in the reaction solvent. Again 
NMR analysis was performed on the product and this time labelling of the methyl 
position was observed, consistent with the isomérisation mechanism.
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H NMR spectrum of hydrocinnamic acid (CDCI3)
• I ••••>•••• I ••••>•••• I I •■■•••••• I I I I I •10 9 8 7 6 PPM 5 4 3 2
H  N M R  ( H  decoupled) spectrum of dz-hydrocinnamic acid (CHCI3)
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H NMR spectrum of methylcinnamic acid (CDCI3)
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NMR ( H decoupled) spectrum of di-a-methylhydrocinnamic acid from 
toluene (CHCI3)
10 9 ' ' '8 7 ' ■ G PPM
NMR ( H decoupled) spectrum of dz-a-methylhydrocinnamic acid from 
CHCI3 (CHCI3)
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2.3 Discussion
We have shown that alkenes and alkynes with terminal unsaturated bonds can be 
hydrogenated very rapidly, certainly much faster than internal unsaturated bonds.
Steric hindrance is also a major factor, in particular with tri-substituted alkenes being 
extremely difficult to hydrogenate under mild conditions. However the solvent also 
plays a very important role, especially where we have substrates where double bond 
migration is possible. Chlorofonn was found to support isomérisation, whereas toluene 
acted as an inhibitor. This was observed quite clearly in a,P-unsaturated alcohols 
where double bond migration and rapid tautomérisation resulted in the formation of 
aldehyde products. By using a solvent which is an inhibitor of isomérisation we were 
able to achieve more specific labelling and the reactions were much more efficient.
2.4 Experimental
General Remarks ; All NMR spectra were recorded using a Bruker AC-300 FT 
spectrometer operating at 300 MHz for ^H NMR and 46 MHz for ^H NMR 
spectroscopy. Chemical shift values are in parts per million (ppm) relative to 
tetramethylsilane standard, unless othemise stated. A description of the operating 
procedure for the deuterium gas line was outlined in the previous chapter.
62
Reagents ; All reagents were purchased from Aldrich Chemical Co in greater than
95.5 % purity and used without further purification. Solvents were AR quality or 
greater and toluene was dried over sodium, and distilled.
General procedure for labelling studies : The substrate ( 1 0  - 50 mg) and
Rh(PPh3)3 Cl (5-15 mg) were weighed into a small round bottomed flask (~ 5 ml), 
which was also equipped with a small magnetic flea. Solvent (~ 1.5 ml) was then added 
and the flask was immediately frozen in liquid nitrogen. The flask was then conneceted 
to the gas line using the procedure outlined in the previous chapter. Upon completion 
of the reaction the flask was frozen again before removal from the gas line. The 
reaction solvent was then removed under vacuum to leave the crude reaction mixture. 
The products were redissolved in a small amount of solvent (~ 2 ml) and the catalyst 
was removed by passing the reaction mixture through a small column of silica. Analysis 
of the products can then be performed using or NMR spectroscopy and where 
necessary further purification or isolation of the products was performed using flash 
chromatography [yield of product (substrate) : d4 -ethylbenzene (phenylacetylene) 2 1  
mg (98 %); dz-ethylbenzene (styrene) 51 mg (98 %); dg-propylbenzene (allylbenzene) 
50 mg (97 %); dz-hydrocinnamyl alcohol (cinnamyl alcohol) 51 mg (97 %); dz- 
hydrocinnamic acid (cinnamic acid) 53 mg (98 %)• d2 -hydromethylcinnamic acid 
(methylcinnamic acid) 19.5 mg (35 %)].
H NMR phenylacetylene (CDCI3) : ô 7.31-7.50 (5H, m, aromatic), 3.07 (IH, s, 
=CH) H NMR styrene (CDCI3) : S 7.15-7.42 (5H, m, aromatic), 6.70 (IH, dd,
=CH, J  17.6 & 10.9 Hz), 5.75 (IH, dd, =CH, J  17.6 & 0.7 Hz), 5.23 (IH, dd, =CH, J
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10.4 & 4.1 Hz) ’h  NMR ethylbenzene (CDCI3): S 7.44-7.70 (5H, m, aromatic), 3 .72 
(2H, q, -CH;-, y  7 . 0  Hz), 1.24 (3H, t, -CH3 , J  6.9 Hz) 'H  NMR allylbenzene (CDCI3) 
: 5 7.16-7.30 (5H, m, aromatic), 5.94 (IH, m, =CH), 5.07 (2H, m, =CH;), 3.38 (2H, d, 
-CH;-, y  6 . 6  Hz) ‘h  NMR propylbenzene (CDCI3) : S 7.05-7.34 (5H, m, aromatic), 
2.58 (2H, t, -CH;-, y  6.1 Hz), 1.64 (2 H, sextet, -CH;-, y  7.7 Hz), 0.85 (3H, t, -CH3 , J
7.5 Hz) *H NMR 2-butyn-l-ol ( C D C b )  : 8  4.23 (2H, s, -CH;-), 2.09 (IH, s, -OH), 
1,85 (3H, s, -CH3 ) ‘H NMR butan-l-ol ( C D C b )  : 8  3.62 (2H, t, -CH;-, y  6.4 Hz),
1.91 (IH, broad s, -OH), 1.56 (2H, quintet, -CH;-, y 4.5 Hz), 1.38 (2H, sextet, -CH;-, 
J1.6  Hz), 0.93 (3 H,t,-CH3 , y  7.2Hz) 'H NMR cinnamyl alcohol ( C D C b )  : 8  7.18- 
7.32 (5H, m, aromatic), 6.53 (IH, d, =CH, J  15.9 Hz), 6.28 (IH, dt, =CH, y  15.9 &
5.6 Hz), 4.22 (2H, d, -CH;-, y  5.7 Hz), 3.63 (IH, broad s, OH) ‘H NMR 
hydrociniiamyl alcohol (l-phenylpropan-3-ol) (CDCI3) : Ô 7.21-7.34 (5H, m, 
aromatic), 3.63 (2H, t, -CH2 -, J6 .5  Hz), 3.33 (IH, broad s, OH), 2.66 (2H, t, -CH2 -, J
8.2 Hz), 1.88 (2H, quintet, -CH2 -, 76.6 Hz), H NMR l-pheiiylpropaii-3-al (CDCI3) 
; ô 9.43 (IH, s, -CHO), 7.10-7.26 (5H, m, aromatic), 2.96 (2H, t, -CH2 -, 77.3 Hz), 
2.77 (2H, t, -CH2 -, 77.2 Hz) H NMR cinnamaldéhyde (CDCI3) : ô 9.74 (IH, d, 
-CHO, 77.7 Hz), 7.41-7.59 (6 H, m, aromatic & =CH), 6.72 (IH, dd, =CH, 716.0 &
7.7 Hz) H NMR hydrocinnamaldehyde (CDCI3) : ô 9.88 (IH, s, -CHO), 7.10-7.52 
(5H, m, aromatic), 2.98 (2H, t, -CH2 -, 76.8 Hz), 2.78 (2H, t, -CH2 -, 77.0 Hz) H 
NMR cinnamic acid (CDCI3) : ô 7.87 (IH, d, =CH, 715.9 Hz), 7.22-7.33 (5H, m, 
aromatic), 6.52 (IH, d, =CH, 715.9 Hz) H NMR hydrocinnamic acid (CDCI3) : ô 
7.15-7.27 (5H, m, aromatic), 2.88 (2H, t, -CH2 -, 77.2 Hz), 2.54 (2H, t, -CH2 -, 77.2 
Hz) H NMR methylcinnamic acid (CDCI3) : ô 7.84 (IH, s, =CH), 7.35-7.45 (5H, 
m, aromatic), 2.16 (3H, s, -CH3) H NMR hydromethylcinnamic acid (CDCI3) : ô
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7.35-7.45 (5H, m, aromatic), 3.05 (IH, dd, -CH-, J  12.9 & 5.9 Hz), 2.59-2.73 (2H, m, 
-CH2 -), 1.13 (3H, d, -CH3 , 76.7 Hz) ‘H NMR phenylcinnamic acid (CDCI3) : 8  
7.95 (IH, s, =CH), 7.04-7.37 (lOH, m, aromatic) H NMR liydroplieiiylciiinamic 
acid (CDCI3) : 8  7.08-7.36 (lOH, m, aromatic), 3.85 (IH, dd, -CH-, 78.2 & 7.2 Hz), 
3.40 (IH, dd, -CH2 , 713.8 & 8.4 Hz), 3.03 (IH, dd, -CH2 -, 713.8 & 8.4 Hz)
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Chapter 3
Hydrogenation of Unsaturated
Organic Compounds with
Cationic Rhodium and Iridium
Catalysts
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3.1 Introduction
The important discovery of active cationic rhodium and iridium complexes was made 
by Osborn and co-workers^”'^  in the late 1960’s. They synthesised a wide range of 
complexes with the general formula [M(diene)Ln]"^A‘, where n = 2 or 3, diene = 
norbomadiene(NBD) or cyclooctadiene(COD), L = tertiary phosphine, phosphite, 
arsine or amine, M = Rh or Ir, and A" = non coordinating anion such as B(C6Hs)4 ',
CIO4 or PFg'. These cationic species were found to undergo direct reactions with other 
ligands such as phosphines and carbon monoxide, to give hirther complexes^. A 
diagram showing some general preparation and reaction schemes of cationic complexes 
is shown in fig 3.1a.
More importantly, these complexes upon treatment with molecular hydrogen resulted 
in the reduction of the coordinating diene to an alkane and the subsequent foimation of 
an active metal dihydrido species, [ML2H2 S]  ^( S = solvent). Osborn‘S found the 
dihydro rhodium species, [RhL2H2 S]\ to be an active homogeneous hydrogenation 
catalyst and was able to synthesise a wide range of catalyst precursors with various 
ligands, L. Previous rhodium catalysts which are based on the Wilkinson type complex, 
required bulky PPhg or other phosphine ligands with similar cone angles. These are 
required in order to encourage dissociation of one ligand, which is necessary to 
generate three active sites for coordination of hydrogen and the alkene. As this 
dissociation step is not required in cationic systems, the choice of possible ligands is 
greatly increased.
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L’
[M(diene)CI]2
diene
H
diene
[ML'^r
[M(diene)L2l^
HC1 0 4
L
M(diene)(acaac)
L'
[M(diene)LzL']•1+
M = Rh or II
L = PPI13, PPhgMe or PPhMe2
L' = PPI13, PPli2Me, PPhMe2 or PMe3
diene = NBD or COD 
S = solvent
fig 3 .1a
Although research by Osborn encompassed a wide range of cationic rhodium 
complexeshis  name is associated with the cationic rhodium catalyst, 
[Rh(NBD)(PPh3)2]^ F 6 ' (Osborn’s catalyst). This catalyst has been widely used and is 
commercially available. Crabtree^"performed similar research on analogous iridium 
systems and his name has also been associated with a particular iridium catalyst, 
[Ir(COD)(PCy3)2(py)]^F 6 ' (Crabtree’s catalyst). The development and use of both 
these types of catalyst is discussed in this chapter.
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3.2 Cationic Rhodium Catalysts
3.2.1 Preparation of Cationic Complexes
Cleavage of dimeric rhodium diene complexes
The general methods for synthesising cationic rhodium complexes have been outlined 
in fig 3.1a. The first synthesis of cationic complexes reported by Osborn^, was by 
cleavage of bridged rhodium diene complexes of the type [Rh(diene)Cl] 2  (diene =
COD or NBD) (60) (fig 3.2a). These dimeric complexes were already known to react 
with monodentate phosphine ligands such as PPhs (i), to give monomeric rhodium 
diene complexes, Rh(diene)PPh3Cl (61). Under certain conditions these then react with 
a fiarther phosphine ligand (11), which displaces the chloride ion and affords the cationic 
four coordinate rhodium (I) complex, [Rh(diene)(PPh3)2]^(62).
PPh,
[Rh(diene)Q] 2
60
Rh(dlene)PPIi3 a
60
Rh(diene)PPli3 a
61
(i)
PPh,
[Rh(diene)(PPli3)2l+ + Œ  (11)
62
fig 3.2a
Reactions were carried out in polar media and it was found that the cationic species 
could be readily isolated from solution by introduction of a suitable precipitating 
counterion such as B(C6H5)4, CIOT or PF  ^ This methodology could be extended over
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a wide range of phosphine ligands, with the exception of weakly nucleophilic and/or 
sterically hindered ligands. Osborn postulated that the mechanism of chloride ion 
displacement by the phosphine ligand (fig 3 .2b), was thiough formation of an 
intermediate five membered rhodium complex, Rh(diene)L2Cl (63). This intermediate 
must then undergo loss of the chloride ion to form the stable four coordinate cationic 
species^, [Rh(diene)L2]^ (62).
('
60 61
('l \ iRh—L
('
/
/ I
63
= COD or NBD
L = PPhj, PPh2Me or PPhMe2 X/
62
Cl
fig 3.2b
Reaction of Wilkinson tvpe catalvsts with dienes
Cationic rhodium complexes can also be synthesised fi'om Wilkinson type complexes 
by the addition of diene (fig 3.2c) and a suitable counterion such as the CIO4 or PFe’ 
anion. Good yields of diene (NBD or COD) complexes have been reported using this 
method^.
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RhIgCl
64
diene
-L
L = PPh3
- a
Rh(dieiie)L2Cl
63
-► [Rii(diene)L2l^ 
62
diene = COD or NBD
fig 3.2c
Reductive elimination and addition of dienes to cationic complexes
A third method can be used to synthesise cationic rhodium complexes with more 
specific dienes. Starting with the basic cationic rhodium complex, [Rh(NBD)L2]^ (65), 
the norbomadiene can be reductively eliminated under an atmosphere of hydrogen. A 
solvated rhodium dihydrido complex is formed (66), with loss of norbornane. Addition 
of a diene under an inert atmosphere then regenerates a cationic rhodium diene 
complex, [Rh(diene)L2]^ (62) (fig 3.2d). This method has been used to synthesise 
rhodium complexes containing 1,3-butadienes and 1,3 -cyclohexadienes^.
[Rh(NBD)Lz]+
65
[RhL2S2H2l+
66
L = PFli3
Ho
S
excess
 1
diene
[RhL2 S2 H2 ]+ + norboinaiie
66
|Rh(diene)L2]+ + alkene
62
diene = 1,3-butadiene or 1,3-cyclohexadiene
fig 3.2d
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Preparation o f [RhfdienelL?! CIOT from Rh(diene¥acac) complexes
The cationic rhodium complexes can also be prepared by treatment of the 
Rli(diene)(acac) complex (67) (acac = acetylacetonate anion) with perchloric acid, 
followed by two equivalents of ligand, L (fig 3.2e). This gives the complex 
[Rh(diene)L2]'^C104' (68) in good yield, and allows the synthesis of complexes with 
ligands which can not be obtained by other direct methods^. Osborn was able to isolate 
the complexes [Rh(NBD)L2]^, where L = AsPhs or P(OPh)s and also the complex 
[Rh(COD)(diphos)]^ where diphos is a bidentate phospliine ligand .^
H ao4
Rh(diene)(acac) ---------------------- ► [Rh(diene)L2 ]+Q 0 4 "
2L67 68
fig 3.2e
3.2.2 Properties and Reactions of Cationic Rhodium Complexes
The cationic rhodium complexes, [Rh(diene)L2]^A" (62), were mostly found to be air 
stable yellow to red crystalline solids. Two complexes [Rh(NBD)(PPhMe2)2]^ and 
[Rli(NBD)(NH2CMe3)2]^ were found to decompose in air over several weeks^. The 
complexes with CIO4 and PFe' counter anions, were also found to be stable in solution 
with the exception of the two complexes above, [Rh(l,3-butadiene)(PPh3)2]^  and 
[Rh(NBD)(PPhMe2)2]^
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Reaction o f rRhfdiene)L?y with phosphine ligands
Complexes of the type [Rh(diene)L3]"  ^and [Rh(diene)L4]^ have been isolated upon 
reaction with further ligands. When the complex [Rh(NBD)(PPh3)2]^ (69) was treated 
with PPhMe2 or PMes, a five coordinate rhodium complex was formed. The complex 
[Rh(NBD)(PMe3)3]^ (70) was found to be stable, however the corresponding complex 
with PPh2Me could not be isolated. Evidence for the initial formation of a five 
membered complex, [Rh(NBD)(PPh2Me)3]^ (71) was observed from NMR 
spectroscopy. The complex then underwent a rearrangement and a mixture of 
[Rh(NBD)(PPh2Me)2]^ (73) and [Rh(NBD)(PPh2Me)4]"  ^(72) was formed in solution 
(fig3.2f).
PMCg
[Rh(NBD)(PPli3)2l+  ». [Rh(NBD)(PMe3)3l+
69 70
PPhjMc
[Rh(NBD)(PPli3)2P -----------► [Rh(NBD)(PPli2Me)3]+
69 71
ivaiTaugcinciit
[Rh(NBD)(PPh2Me)4l+ + [Rh(NBD)(PPh2Me)2]+
72 73
fig 3.2f
Five coordinate rhodium complexes of the type [Rh(NBD)(chelate)L]^ could also be 
isolated, where chelate = bidentate phosphine ligand ( 1,2-bis-diphenylphosphinoethane 
or l-diphenylarsino-2-diphenylphosphinoethane). These were formed on treatment of 
[Rh(NBD)(chelate)]^ with ligand, L (L = PPhMe2 or AsPPhMe2 )^ . When the same 
type of experiment was performed on complexes containing 1,5-cyclooctadiene,
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[Rh(COD)(PPli3)2]^, no five-coordinate rhodium complexes were formed. It was found 
that displacement of the diene and triphenylphosphine ligand occurred, to give a 
cationic complex of the type [RhL4]"^ , where L = PPhzMe, PPhMe2 or PPh(OMe)2.
Reaction with Molecular Hvdrosen
As previously mentioned, cationic rhodium complexes, [Rh(diene)L2]^ (62), will react 
with hydrogen to eventually give a solvated dihydrido rhodium complex, [RhL2H2S2]  ^
(66) and an alkane (fig 3.2g). The colour of the initial solution, which is usually a pale 
orange or red, can be observed to fade as the diene is reduced. Some selectivity effects 
have been found for various dienes, where reduction was stopped at the monoene 
stage (74). As with Wilkinson’s catalyst, cis-addition of hydrogen to the diene is 
observed^.
H, H,[Rh(dieiie)L2]^
62
IRh(monocne)L2H2l^
74
[RI1L2S2H2P + alkane 
66
fig 3.2g
The complex [Rh(PPh3)2H2S2]  ^(66) has been successfully isolated fi"om coordinating 
solvents, as well as some related complexes of the type [RhL4H2]  ^(L = PPhMe2 or 
PMe3), and is consistent with the structure shown in fig 3 .2h.
L
66
+
S = solvent
fig 3.2h
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3.2.3 Hydrogenation Using Cationic Rhodium Complexes
The active catalyst is prepared by dissolving the cationic rhodium complex, 
[Rh(diene)L2 ]^  (62), in an appropriate reaction solvent such as acetone, ethanol or 
tetrahydrofuran under an atmosphere of hydrogen. After a few minutes a solvated 
dihydrido rhodium complex, [RhL2H2 S2 ]^  (6 6 ), is formed. The substrate can be 
introduced at the beginning of the reaction, but hydrogenation of the substrate can not 
proceed until the chelating diene has first been reduced. Studies by Osborn and 
Shi'ock'  ^on 1-hexene and 2-hexene hydrogenation showed that selectivities were 
similar to Wilkinson’s catalyst, where external double bonds are reduced more rapidly 
than internal double bonds. The rate of hydrogenation also depended on the nature of 
the ligand, the reaction solvent and substrate itself .^ Catalysts with more basic 
phosphines were found to hydrogenate alkenes more rapidly, however isomérisation 
was also found to increase and become a competitor to hydrogenation, a particular 
drawback with cationic catalysts'*.
Mechanism for Olefin Isomérisation
Osborn and Schrock'* gave evidence for the presence of two metal hydride complexes, 
[ R h L 2 H 2 S x ] ^  (75) as previously mentioned and also a monohydride species, [ R h L n H S y ]  
(76). During their studies they made several observations which could not be explained 
by the existence of the dihydride species but were characteristic of monohydride 
complexes. The formation of monohydride species in this catalytic system can be 
explained by deprotonation of the dihydride species (75) (fig 3.2i).
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75
[RhLjHSy] +
76
fig 3.2i
Furthermore, studies by Osborn and Schrock^ on 1-hexene isomérisation, found that in 
the absence of molecular hydrogen little or no isomérisation with cationic rhodium 
complexes occurred. When molecular hydrogen was introduced into the system 
extensive isomérisation was found to occur. More importantly, after removal of 
hydrogen and flushing with nitrogen, isomérisation was still observed. At this time two 
possible olefin isomérisation pathways were known (fig 3.2j), via the Tt-allyl system (i) 
or through olefin insertion into a metal-hydride bond (ii). The second mechanism is 
closely related to olefin isomérisation involving a metal dihydride species as observed 
with the Wilkinson catalyst type system.
R
H
Rh +
h +
H
H—Rh'') r
H
■ S . ■ VH R'
+ Rh (0
?+ Rh (Ü)
Rh= (R1iL2S,J+
fig3.2j
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Because isomérisation was not supported without the initial activation by molecular 
hydrogen, the Ti-allyl mechanism (i) was obviously not the predominant pathway. 
Evidence therefore pointed to the mechanism involving olefin insertion into a metal- 
hydride bond (ii). However as isomérisation was still observed upon the removal of 
molecular hydrogen, this suggested that the monohydride complex, [RhLzHSy] (76) 
was most likely to be catalysing the isomérisation. Further evidence for the 
monohydride complex was obtained from deuterium labelling studies. Scrambling of 
molecular hydrogen and deuterium was observed in the absence of the olefin, plus 
hydrogen from water was also found to readily exchange with molecular deuterium. 
Both these observations were consistent with the presence of a monohydride complex 
formed by deprotonation of the dihydride complex (fig 3.2i).
1 ) PH1 3  
H2
[Rh(NBD)(PPh3 )2 ]+  ► RhH(PPh3 ) 4  80 % yield
69 2) NEtg 77
fig 3.2k
Osborn‘S was also able to isolate the monohydride complex, RhH(PPh3 ) 4  (77). This 
was achieved by treatment of the cationic complex, [Rh(NBD)(PPhs)2 ]^  (69), with an 
excess of triphenylphosphine under an atmosphere of molecular hydrogen, to give a 
solvated dihydride species. Addition of base then afforded the monohydride complex, 
RhH(PPh3 ) 4  in good yield (fig 3.2k).
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Mechanism of Olefin Hydrogenation
Osborn'* proposed three catalytic hydrogenation pathways (fig 3.21). Path A involves 
the monohydride complex, RhLnH (79), which can also invoke extensive isomérisation 
(8 O0 8 I). Path B is analogous to the mechanism proposed for Wilkinson type 
catalysts, where initially the rhodium dihydrido complex, [RhL2H2 ]^  (78), is formed. 
The alkene is then coordinated to the rhodium, [RhL2H2 (alkene)]^ (85), followed by 
transfer of one hydrogen to afford a metal-alkyl intermediate, [RhL2H(alkyl)]^ (8 6 ). A 
second hydrogen transfer then affords the fully reduced alkane and regenerates the 
active cationic rhodium complex, [RhL2 ]^  (83). The third path C, involves coordination 
of the alkene to the cationic rhodium complex to form [RhL2 (alkene)]^ (84), prior to 
coordination of hydrogen, [RhL2H2 (alkene)]^ (8 6 ). The alkene is then subsequently 
hydrogenated via the same metal alkyl intermediates described in path B.
Although path A may lead to hydrogenation of the alkene, this was also a major 
pathway for isomérisation (80<->81). Clearly in order to prevent isomérisation path A 
needs to be suppressed. It was believed that by performing the hydrogenation under 
acidic conditions, deprotonation of the cationic dihydride to the monohydride (78->79) 
would be unfavourable. This was indeed shown to be the case, where minimal 
isomérisation was accomplished under acidic conditions. Enhanced reaction conditions 
for hydrogenation can be achieved by addition of 1  mol of acid of a non-coordinating 
anion such as H C I O 4 ,  per mole of the catalyst precursor.
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L = phosphine ligand 
solvent has been omitted
fig 3.21
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Asymmetric Hydrogenation
The use and development of asymmetric hydrogenation catalysts has become a very 
important area of organic chemistiy' '^^^. Interest in this field really started to grow in 
the 1970’s, after the discovery of homogeneous hydrogenation catalysts. Although 
several catalysts were synthesised with optically active monodentate phosphine ligands, 
research led to the development of a wide range of chiral bidentate phosphine ligands. 
Some examples of chiral ligands are shown in fig 3.2m.
y P P h ,
PPÜ, ^ PPÜ7
H
/^P P lh
R-PROPHOS S,S-CHIRAPHOS
H
S,S-DIOP R-BINAP
PkP. __  Cy,P __
?COjtBu ?COjtBu PPÜ,
H%
PPÜ2
BPPM BCPM NORPHOS DIOXOP
fig 3.2m
The development of these cationic rhodium and also ruthenium complexes has meant 
that chiral catalysts have become widely available. For example the drug L-Dopa for 
treatment of Parldnson’s disease is made commercially by catalytic asymmetric 
synthesis. The asymmetric tritiation of another amino acid, phenylalanine, using a 
cationic rhodium c a t a l y s t w i l l  be covered in a later chapter.
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3.3 Cationic Iridium Catalvsts
3.3.1 Introduction
The cobalt and iridium analogues of Wilkinson’s catalyst, M(PPli3)3 Cl, were found to 
be inactive as hydrogenation catalysts^®. The cobalt complex did not react with 
hydrogen, while iridium gave a stable iridium-dihydride species, IrH2 (PPh3)3 Cl. This 
dihydride however proved to be inert because no dissociation of the triphenylphosphine 
occurs, and therefore coordination of the alkene is not possible. In the Wilkinson’s 
system the triphenylphosphine ligand is labile and does allow the alkene to coordinate 
to the rhodium. However the alkene still has to compete with solvent for the available 
site and therefore only unhindered terminal or disubstituted alkenes which make good 
ligands can successfully compete for the active site. The relatively hindered tri- or 
tetra-substituted alkenes are much slower to hydrogenate or are totally unreactive.
Osborn then made the important discovery of cationic rhodium (I) complexes 
[Rh(diene)L2 ]^  (L = PR3), containing only two phosphine ligands. Under a hydrogen 
atmosphere reductive elimination of the diene proceeds to give a solvated rhodium 
dihydrido complex, [RhL2H2 S2]  ^(S = solvent). In these systems the alkene only has to 
compete with the solvent and not the phosphine ligand for the active metal centre^ *'^ . 
With rhodium complexes this displacement process was found to be rapid, but with the 
iridium analogues displacement was a slow process if at all. Hydrogenations using the 
iridium complexes, [IrL2H2 S2 ]^ , were reported to be sluggish and so attention was 
turned towards the rhodium systems.
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In the 1970’s Crabtree started looking at using non-coordinating solvents with 
rhodium complexes^ and found that enhanced catalytic activity could be achieved. At 
the same time a new series of complexes of the type, [M(C0D)L(py)]^F6‘ (M = Ir or 
Rh, py = pyridine, L = tertiary phosphine), were also isolated (fig 3.3a). So in an 
extension to liis work with rhodium complexes, Crabtree investigated the catalytic 
activity of iridium complexes, [Ir(COD)L2 ]^ F 6‘ and [Ir(COD)L(py)] (87), in non­
coordinating solvents*^ '^ . Eventually a student of Crabtree’s, after trying several 
different solvents, began using dichloromethane. Chlorinated solvents had been 
previously found to be poisons for homogeneous catalysts, however instead they found 
dichloromethane to be an excellent solvent. They found that hydrogenation of simple 
alkenes and even highly substituted alkenes could be achieved very rapidly .^
0 (
+
PF.
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= COD
py = pyridine 
L = tertiary phosphine
fig 3.3a
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3.3.2 Properties and Synthesis of Cationic Iridium Complexes
The red complexes [Ir(COD)L2]"PF6’ (L = PPh2Me or PPhs) readily dissolve in 
dichloromethane to give a red / orange solution. In the presence of an alkene and under 
an atmosphere of hydrogen, the solution quickly decolourises upon formation of the 
highly active hydrogenation species. Similarly the orange complexes 
[Ir(COD)L(py)]^F6‘ (L = P/Prg, PCys or PPhs) also readily dissolve in 
dichloromethane to give an orange solution. In the presence of an alkene and under an 
atmosphere of hydrogen, a pale yellow solution is obseiwed.
Preparation of Iridium Complexes
The iridium complexes of the type [Ir(COD)L2 ]^ F 6‘ can be prepared using similar 
methods discussed previously for cationic rhodium complexes. The most common 
method involves cleavage of the dimeric iridium complex, [Ir(C0D)Cl]2 (88), by direct 
treatment with a phosphine ligand. Treatment of the dimer in non-polar solvents with 
ligand L (fig 3.3b), will give a neutral iridium complex of the type [IrCl(COD)L] (89) 
(L = PPhs, PPh2Me, PPhMe2 , Pcys, PEtg, or P(0Ph)3).
2 L I
[IrCl(COD) ] 2  --------------- ► 2 [Ira(COD}L]
88 89 I
fig 3.3b
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However when the same reaction is performed in acetone or ethanol, in the presence of 
a suitable counter ion, the iridium species [Ir(COD)L2 ]^PF6‘ (90) (L = PPhs, PPh2Me, 
PPhMc2 , PPh2 (OMe) P(OMe)s or P(OEt)s) can be isolated® (fig 3.3c).
4L
[IrCl(COD) ] 2  + P F g - --------------------► 2 [Ir(COD)L2 ]+PF6 - + Ct
ethanol or acetone 
8 8  90
fig 3.3c
Several mixed ligand iridium complexes of the type [Ir(C0D)LL’]'l*F6' have also been 
synthesised. Crabtree® found that when the complexes [Ir(C0 D)(PPhs)2]^F 6' (91) and 
[Ir(COD)(py)2]^ F 6‘ (92) were mixed in an equimolar ratio, they rearrange to give the 
new complex [Ir(COD)(PPhs)py]^F6" (93). The same complex could also be formed 
by treatment of only the [Ir(C0 D)(PPhs)2]^F 6' (91) complex with pyridine in ethanol. 
Other mixed ligand complexes have also been prepared in a similar fashion, by ligand 
exchange (fig 3.3d).
MCOD)(PPh3)J+PF6- + [Ir(COD)(py)2]+PF6 -----------------2 [Ii<COD)(PPh3)(py)]+PF6-
91 92 93
[IKCOD)(PPh3)2rPF6- + py -------- ► [Ii<COD)(PPh3)(py)rPF6- + PPhs
91 93
fig 3.3d
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3.3.3 Hydrogenation using Cationic Iridium Complexes
The hydrogenation process is closely related to the cationic rhodium system, but some 
important differences to the iridium system have been reported by Crabtree®' .^ The 
active intermediates are of the type [IrH2 ,i(alkene)(3-n>L2]’^ (n = 0-3)^ ,^ although only 
active complexes of the type [IrH2 (COD)L2 ]^ F 6‘ have been successfully isolated. The 
catalysts will readily hydrogenate tri- and tetra-substituted alkenes in non-coordinating 
solvents, such as dichloromethane. Alkene isomérisation, as with rhodium systems, is 
also possible. But a much greater problem with the iridium systems is their sensitivity 
to certain functional groups, which leads to deactivation of the catalyst. They also 
readily deactivate in the absence of an alkene or with poorly coordinating alkenes.
Iridium dihydrido intermediates
Iridium complexes were known to form a red or yellow solution when initially 
dissolved in dichloromethane, which then subsequently became colourless on exposure 
to molecular hydrogen. It was also noted that upon removal of hydrogen the solution 
returned to its original colour. When this experiment was carried out at -80°C the 
colourless solution was found to be stable for several hours. A simple NMR 
experiment at this temperature showed that the product was a simple cationic adduct, 
c/5-[IrH2(COD)L2]^ (94), formed by addition of hydrogen to the [Ir(C0D)L2]^ 
complex (fig 3.3e).
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fig 3.3e
This was the first known dihydrido-alkene complex to be isolated, although such 
complexes were already hypothesised as key intermediates in the hydrogenation 
process. Evidence of the structure of this adduct was obtained fi om and NMR 
spectroscopy, which were consistent with a cis arrangement of ligands. An infrared 
spectmm of the crystalline adduct [IrH2(C0D)(dpe)]'^ (dpe = 1,2- 
diphenylphosphinoethane), was also recorded and showed two different Ir-H 
vibrations. In further experiments excess COD was added to the active complex to see 
whether the adduct [IrH2 (COD)L2 ]^  was truly an intermediate in the reduction of the 
diene. Upon initial activation, the cis dihydrido adduct (94) was obtained , then 
surprisingly once the original COD had been hydrogenated to cyclooctane, a new 
cation adduct was formed (fig 3.3Q. This cation was found to have a different 
cz^ , Aw?j'-[IrH2(C0D)L2]^ (95) configuration, which was again confirmed from spectral 
data.
-, +
95
fig 3.3f
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Interestingly this cis, fra«5-dihydrido adduct (95) was found to be more stable than the 
c/5-dihydrido adduct (94) formed initially and transfer of hydrogen to the coordinated 
alkene did not occur so readily. The c75,&az?5-[IrH2(COD)(PPh2Me)2]^F6‘ species was 
isolated as a white crystalline solid, and decomposes in air at ca. 85°C. This difference 
can be explained by the cis, ^ ra/w-didhydrido adduct (95) having iridium-hydride bonds 
which are both orthogonal to the iridium-alkene bond making alkene insertion into the 
iridium-hydride bond unfavourable.
~i
+ H,
-
\
H
\ H
96 97
flg3.3g
\
cis-PrH2(COD)L2]+
94
The initial formation of the c/5-[ItH2(COD)L2]^ adduct (94) can be simply rationalised 
by the reversible addition of hydrogen shown in (fig 3.3g). However the same pathway 
can not be applied to the formation of the cz-y, ^ raw5-dihydrido adduct (95), as this 
would require COD to chelate in the trans configuration (98), wliich would be very 
unfavourable (fig 3.3h). However formation of the cis,trans-[IrH2 (COD)L2 ]^  (95), can 
be explained by the formation of an intermediate hydride of the type [IrH2nL2 ]^  (100), 
where n = 3 (fig 3.3i).
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cis,ti-aiis-[Ii’H2(CGD)L2]’'‘
95
fig 3.3h
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Although this polyhydride intermediate has not been isolated, the formation of the 
cis, ^ w?5-dihydrido adduct (95) can only be explained by the initial generation of a 
hydride species. Crabtree^^ has presented evidence for this intermediate and postulated 
that this polyhydride [IrH2 (ri2H2)2L2]  ^(100), has a non-classical octahedral structure 
shown in fig3.3i. Formation of the c/5,^raz75-[IrH2(COD)L2]  ^(95) can then be 
explained by displacement of hydrogen from the polyhydride species (100) (fig 3.3j).
+ 4.
H
H VL
100
+ COD
L
95
+ 2H.
fig3.3j
Following the isolation of the cw.ifz'aw -^dihydrido adduct (95) based on COD, it was 
found that similar complexes could be formed with mono alkenes. At -80°C è/5-alkene 
adducts of the type c/5,cz5,/7’«z?5'-[IrH2(alkene)2L2]  ^(103) (alkene = ethene, styrene or 
cyclooctene) have been observed (fig 3.3k). These species were formed by slow 
addition of the alkene to the solvated cations [IrH2(acetone)2L2 ]^  (101). More hindered 
alkenes give only single alkene adducts of the type [Ir(alkene)SL2 ]^  (102) (S = water 
or acetone). However upon warming these complexes to room temperature, 
hydrogenation of the coordinated alkene is observed.
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fig 3.3k
The species [IrH2 (alkene)SL2 ]^  (102) can be formed in two ways, either by 
displacement of a coordinated solvent for an alkene from the solvated hydride complex 
[IrH2 S2L2 ]^  (101) (fig 3.3k), or by addition of hydrogen to an iridium-alkene complex 
[Ir(alkene)SL2 ]^ . These two reaction paths are similar to those postulated earlier for 
the cationic rhodium complex (path C and path B). The iridium system becomes 
slightly more complex, due to the possibility of forming bis-alkene complexes. We can 
describe the formation of the bis-alkene [IrH2 (alkene)2L2 ]^  in a similar fashion, by 
displacement of coordinated solvent from the complex [IrH2(alkene)SL2 ]^  (102) (fig 
3.3 k) by an alkene, or by addition of hydrogen to the complex [Ir(alkene)2L2 ]^ .
Under catalytic conditions where a non-coordinating solvent is employed under an 
atmosphere of hydrogen, it is likely that the polyhydride species [IrH2 (Ti2 -H2)2L2 ]^  
(100) as described by Crabtree^^, will exist rather than the solvated complexes. 
Nevertheless we can postulate two hydrogenation pathways for the iridium system (fig 
3.31) which are again closely related to path B and path C described previously for the 
cationic rhodium system. The preferred hydrogenation pathway will depend on the 
nature of the alkene. For non hindered alkenes such as ethene, then n = 2, but for 
hindered alkenes such as cyclooctene then n = 1.
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fig 3.21
Previous complexes have been characterised by NMR spectroscopy at -80°C, 
unfortunately the catalytic cycle could not be studied in the same manner because the 
reaction can not be conveniently and reproducibly stopped. However Crabtree was 
able to observe some intermediates under catalytic conditions®'^”. As already mentioned 
the preferred reaction path will depend greatly on the nature of the alkene and in 
particular whether it is a good or poor ligand. For non-hindered and highly 
coordinating ligands such as ethylene, path C is the most likely route with n = 2.
Indeed evidence by Crabtree is consistent with the presence of the species 
[IrH2 (C2H4)2L2 ]^  (110), which is formed after hydrogenation of the initial coordinated
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diene at -80°C. However when this complex is heated to room temperature the 
hydrogen is lost to give a ôw-alkene complex [Ir(C2H4 )2L2 ]^  (109), although the 
original hydride complex can be reformed under an atmosphere of hydrogen at -80°C 
(fig 3.3m).
ï„> ' -80"C <  1 /  '
4 4 \
109 110
Deactivation
fig 3.3m
his experiments Crabtree^ found that once all the alkene had been hydrogenated, 
irreversible deactivation of the catalyst occurs. The same deactivation process was also 
found to be predominant with poor ligands, especially with hindered tri- and tetra- 
substituted alkenes, which resulted in incomplete hydrogenation of the alkene. Crabtree 
showed that the hydrogenation of 1-methylcyclohexene and 2,3-dimeth)(-2-butene did 
not proceed to 100% when using the iridium catalyst, [Ir(COD)(PPh2Me)2 ]^ F 6 ', but 
only gave yields of 94.5 and 20% respectively^. Similar results were also observed 
when using the mixed ligand complex [Ir(COD)P/Pr3 (py)]^F 6 '. It was also noticed 
during the reaction that the solution, which initially decolourises upon activation.
became yellow with irreversible deactivation of the catalyst. This process was studied 
in greater detail with the complex, [Ir(COD)(PPh3)2 ]^ F 6‘, which resulted in the 
formation of a hydrogen bridged dimer [Ir2 ({.i-H)3H2 (PPh3)4 ] ‘PFe' (111). This dimer 
was isolated and fully characterised by IR, NMR and X-ray crystallography and the 
structure was consistent with the presence of three bridging hydrogens '^^  ^(fig 3.3n).
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fig 3.3n
Although deactivation occurred in the same way with mixed ligand catalysts of the 
type [Ir(C0D)L(py)]^F6’, it was discovered that a different species was formed. This 
was eventually characterised by Crabtree^^ and found to be an iridium trimer of the 
type [(H2 L(py)Ir)3 (p3 -H)]"PF6- (112) (fig 3.3o).
W  ' - I - .
J \
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fig 3.3o
Crabtree made several suggestions for preventing or slowing down the formation of 
these polynuclear clusters. Firstly, by use of a dilute catalyst solution, which could be 
added to the reaction vessel as the hydrogenation reaction proceeds. A second method
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is to choose iridium complexes with bulky ligands which prevent dimérisation, 
although this would probably be at the expense of activity. Another approach is in the 
use of polymer supports with anchored phosphine groups, however work by Crabtree 
in this area has not yet proved successfial^°.
Solvent Effects
Crabtree investigated the effects of various chlorinated solvents on the hydrogenation 
of 1-methylcyclohexene^ using the iridium catalyst, [Ir(COD)PzPr3 (py)]^PF6‘. The best 
choice of solvent was found to be dichloromethane, however the reduction of 1- 
methylcyclohexene did not go to completion due to formation of the iridium dimer 
which caused deactivation of the system. When chloroform was employed as the 
solvent, deactivation of the catalyst occurred very quickly and only low yields were 
recorded. Slightly better yields were achieved using 1,2-dichloroethane as the reaction 
solvent. Crabtree also looked at the use of co-solvents and a good solvent system was 
found to be dichloromethane with acetone (6.25 % by vol), which gave higher yields 
than dichloromethane alone. When a similar amount of ethyl acetate was added, the 
rate of hydrogenation was found to be slower but the yield was similar to that obtained 
with just dichloromethane. Ethanol gave very poor results and no hydrogenation was 
detected when acetonitrile or triethylamine were added as co-solvents^.
It was also found, that when triethylamine was added to the catalytic solution of 
[Ir(COD)L2 ]'TF6 ' (91) in dichloromethane under molecular hydrogen, a white solid
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was precipitated from the mixture. The solid was isolated and found to have the 
structure [IrHgL ]^ (113), which is formed by deprotonation of the iridium polyhydride 
species. The same hydride can also be precipitated from the catalyst solution of 
[Ir(C0D)L(py)]^F6‘ (93) after addition of excess L (fig 3.3p). This also provides 
further evidence for the presence of an iridium hydride species, [JrH2 ('n2 -H2)2L2 ]^  
(100), previously suggested as an intermediate in the hydrogenation pathway.
5H2[ïi(COD)L2]+Pfg- + NEtg  fc. (Ii’HsLj] + NEtgHPFg + cyclooctane
91 113
SHjPr(COD)Ij(py)]+PFg- + NEtj + L --------+ NEtjHPFg + cyclooctane + py
93 113
(L=PPhgorPCyg)
fig 3.3p
Structure and Reactivitv
Crabtree^ reported that under similar conditions the rates of hydrogenation with 
iridium catalysts are considerably higher than with Rh(PPh3 )3 Cl, particularly with 
highly substituted alkenes. For example^the hydrogenation of cyclohexene in CH2 CI2  at 
0°C and using 0.5 mmol of Rh(PPh3)3 Cl catalyst took 120 minutes to complete. When 
using various iridium complexes under similar conditions the reaction times varied 
from 15 to 85 minutes.
Hydrogenation of tri- and tetra-substituted alkenes with Rh(PPh3)3 Cl proceeds very 
slowly if at all. Using cationic iridium catalysts hydrogenation of tri- and tetra- 
substituted alkenes proceeds rapidly, unfortunately deactivation of the catalyst is a
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complicating factor’ When using [Ir(C0D)PiPr3(py)]TF6" (0.5mmol) in 
dichloromethane, about 20 % reduction of tetra-substituted 2,3 -dimethyl-2-butene 
(O.Smol) was achieved in approximately 10 minutes. After 10 minutes deactivation of 
the catalyst occurred and no further reduction was observed. Nevertheless complete 
reduction could be achieved with five consecutive additions of catalyst every 10 mins.
Iridium systems were also found to be sensitive to certain functional groups which 
again leads to deactivation. Amines were found to totally deactivate the catalysts by 
deprotonation as previously discussed. Some groups have reported the successful 
hydrogenation of both ketones^ '^^  ^and alcohols’ ,^ however ketones, alcohols and 
carboxylic acids also partially or totally deactivate the catalyst due to coordination to 
the iridium. More recently Heys et al^  ^have found that iridium complexes catalyse 
deuterium and tritium exchange in a variety of substrates, interestingly this is due to the 
ability of the iridium complex to coordinate to carbonyl groups. Similar work has also 
been performed by Hesk et al^ '^ , who have reported the regioselective ortho deuteration 
of acetanilides, acetophenones and benzophenones (fig 3.3q).
CH3
D V 0=C  
'" -I X  NH
114 115
fig 3.3q
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3.4 Hydrogenation with Crabtree’s catalyst
3.4.1 Hydrogenation of simple aromatic alkenes
Crabtree’s catalyst has been used for the hydrogenation of a variety of hindered 
alkenes, however the use of non-coordinating solvents such as dichloromethane, is 
vital to their success. The catalyst is also deactivated by polar functional groups such 
as acids and amines, greatly restricting the variety of substrates that can be 
hydrogenated. Initially three simple aromatic alkenes were investigated, styrene (48), 
allylbenzene (1-phenyl-3-propene) (50) and trans-p-methylstyrene (117) 
Dichloromethane was chosen as the reaction solvent and all three reactions were 
perfoiTned under an atmosphere of deuterium gas at room temperature for 16 hours 
(fig 3.4a). The resulting products were then analysed by and NMR 
spectroscopy.
Styrene (48) and allylbenzene (50) are both terminal alkenes and thus we expect them 
to be reduced easily. This was consistent with the results where both d2 -ethylbenzene 
(49) and d2 -propylbenzene (53) were isolated in high yield, 99 and 95 % respectively. 
Not unsurprisingly therefore, ^ra«5-(3-methylstyrene (117) was hydrogenated in much 
poorer yields, 73 %. As ^rara-p-methylstyrene has an internal double bond, we would 
expect the rate of hydrogenation to be much slower. The lower yields may also be 
explained by deactivation of the catalyst before hydrogenation is complete, due to 
foimation of inactive iridium trimers. Interestingly the NMR (^H decoupled)
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spectrum of the dz-propylbenzene product (118) from /raw^-methylstyrene (117) 
showed that some isomérisation had taken place. However isomérisation was not 
observed in the d2 -propyibenzene product (53) obtained from allylbenzene (50).
styrene
10 0  mg
I>2
1 ml
[Ir(COD)(PCy3)(py)rPF6- 10  mg 
 »
R.T. 16 hrs
49
d2-ethylbenzene
yield = 9 9  %
50
allylbenzene 
10 0  mg
I>2
CH2Q2 1 ml 
[Ii<COD)(PCy3)(py)]+PF6‘ 10  mg
R.T. 16 hrs
53
d2pmpylbenzene
yield = 9 5  %
I>2
0 1 2 0 2  1 ml
[Ii<COD)(PCy3)(py)]+PF6- 10  mg
»
R.T. 16 hrs
117
/rans-methylstyrene 
1 0 0  mg
yield = 7 3  %
118
d2-propylbenzene
fig 3.4a
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H NMR spectrum of da-propylbeiizene from allylbenzene (CDCI3)
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3,4.2 Hydrogenation of Ethylcinnamate
After studying some simple alkenes we attempted to hydrogenate alkenes containing 
polar functional groups. Initially we looked at cinnamyl alcohol and cinnamic acid as 
possible candidates. However our attempts to hydrogenate both these substrates did 
not meet with any success. The ^H NMR spectra showed trace amounts of the reduced 
products, but it is likely that coordination of the substrate to the iridium complex 
through the carbonyl groups prevented any further hydrogenation. We then decided to 
investigate the ethyl ester of cinnamic acid (119). As before dichloromethane was 
chosen as the solvent and the reaction was carried out at room temperature for 16 hrs 
(fig 3.4b).
O OC,H, »»
^ CH,CU 1 ml
H—C i —H [Ii<COD)(PCj'3 )(py)]+PF<;- 10 mg
yield = 61%
R.T. 16 Ill's
119ethylcinnamte ^20
100 mg
fig 3.4b
Analysis of the crude reaction mixture by ^H NMR spectroscopy showed that the ethyl 
cinnamate (119) had been only partially reduced. The ^H NMR (^H decoupled) 
spectrum of the crude reaction mixture showed the presence of the d2 -ethyl 
hydrocinnamate product (120) and also labelled starting material. The fully reduced d2 - 
ethyl hydrocinnamate product (120) was then isolated from the crude mixture in only 
61 % yield. As the alkene is quite hindered the low yields were not unexpected.
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H NMR spectrum of ethylcinnamate (CDCI3)
A
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H NMR spectrum of ethylcinnamate hydrogenation with Crabtree’s catalyst 
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H NMR ( H decoupled) spectrum of crude ethylcinnamate hydrogenation
products (CHCI3)
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H NMR ( H decoupled) spectrum of dz-ethyl hydrocinnamate (CHCI3)
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3.5 Discussion
Although Crabtree's catalyst has been reported to be an excellent catalyst for the 
hydrogenation of hindered alkenes, we have clearly seen from our experiments that the 
range of substrates that can be reduced is very restricted. The hydrogenation of certain 
substrates can be achieved by derivatisation or the addition of protecting groups. We 
have also shown one such example where cinnamic acid could not be hydrogenated but 
the ethyl ester could. Tins however makes the catalysts less desirable as an extra 
synthetic step may have to be added to the preparation of labelled compounds. Clearly 
the hydrogenation with Crabtree's catalyst can not be considered as a general 
procedure and each substrate must be considered separately.
3.6 Experimental
General Remarks : All NMR spectra were recorded using a Bruker AC-300 FT 
spectrometer operating at 300 MHz for NMR and 46 MHz for ^H NMR 
spectroscopy. Chemical shifts values are in parts per million (ppm) relative to 
tetramethylsilane standard, unless otherwise stated. A description and operating 
procedure for the deuterium gas line was outlined in chapter 1.
Reagents ; All reagents were purchased from Aldrich Chemical Co in greater than
95.5 % purity and used without further purification. Solvents were AR quality or 
greater.
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General procedure for the labelling studies : The substrate (100 mg) and 
[Ir(COD)(PCy3)(py)]^F6 ' (10 mg) were weighed into a small round bottomed flask (~ 
5 ml), which was also equipped with a small magnetic flea. Solvent (1.0 ml) was then 
added and the flask was immediately frozen in liquid nitrogen. The flask was then 
connected to the gas line using the procedure outlined in chapter 1. Upon completion 
of the reaction the flask was frozen again in liquid nitrogen before removal from the 
gas line. The reaction solvent was then removed under vacuum to leave the crude 
reaction mixture. The products were redissolved in a small amount of solvent (~ 2 ml) 
and the catalyst was removed by passing the reaction mixture through a short column 
of silica. Analysis of the products was then performed using or NMR 
spectroscopy or where necessary further purification or isolation of the products was 
performed using flash chromatography [yield of product (substrate) : dz-ethylbenzene 
(styrene) 103 mg (99 %), dz-propylbenzene (allylbenzene) 99 mg (95 %), dz- 
propylbenzene (/7'«n5-methylstyrene) 76 mg (73 %), dz-ethyl hydrocinnamte 
(ethylcinnamate) 63 mg (61 %)].
‘H N M R styrene (CDCb) : 8  7.15-7.42 (5H, m, aromatic), 6.70 (IH, dd, =CH, J
17.6 & 10.9 Hz), 5.75 (IH, dd, =CH, J  17.6 & 0.7 Hz), 5.23 (IH, dd, =CH, J  10.4 &
4.1 Hz) ‘H NMR ethylbenzene (CDCI3) : 8  7.44-7.70 (5H, m, aromatic), 3.72 (2H, 
q, -CH2 -, J7 .0  Hz), 1.24 (3H, t, -CH3 , J6.9  Hz) ‘H NMR allylbenzene (CDCI3) : 8  
7.16-7.30 (5H, m, aromatic), 5.94 (IH, m, =CH), 5.07 (2H, m, = % ) ,  3.38 (2H, d, - 
CH2 , J  6 . 6  Hz) H NMR trans-p-methylstyrene (CDCI3) : 8  7.16-7.31 (5H, m, 
aromatic), 6.38 (IH, d, =CH, J  15.8 Hz), 6.21-6.31 (IH, m, =CH), 1.88 (3H, d, -CHs, 
J6 .4  Hz) 'H  NMR propylbenzene (CDCI3) : 8  7.05-7.34 (5H, m, aromatic), 2.58
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(2H, t, -CH2 -, J  6 .1 Hz), 1.64 (2H, sextet, -CH;-, J  7.7 Hz), 0.85 (3H, t, -CH3, J7.5 
Hz) ‘h  NMR ethyl cinamate (CDCI3) : 8  7.69 (IH, d, =CH, J 16.0 Hz), 7.37 -7.54 
(5H, m, aromatic), 6.44 (IH, d, =CH, J  16.0 Hz), 4.26 (2H, q, -CH2 -, J7.1 Hz), 1.34 
(3H, t, -CH3 , J7.1 Hz) ‘h  NMR ethyl hydrocinnamte (CDCI3) : 8  7.21-7.61 (5H, 
m, aromatic), 4.14 (2H, q, -CH2 -, J7.1 Hz), 2.95 (2H, d, -CH;-, J  8.3 Hz), 2.61 (2H, 
d, -CH2 -, J  8.2 Hz), 1.25 (3H, t, -CH3 , /  7.1 Hz)
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Chapter 4
Hydrogen Transfer
Hydrogenation Using Formates
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4.1 General Introduction
The catalytic hydrogenation of unsaturated organic compounds using hydrogen gas is a 
reaction that is familiar to every chemist. However the hydrogenation of unsaturated 
organic compounds using a hydrogen donor molecule^or ‘hydrogen transfer 
hydrogenation', has probably been far less encountered. These transfer reactions avoid 
the use of difficult to handle and potentially dangerous hydrogen gas, but instead they 
require a suitable donor which itself undergoes catalytic dehydrogenation during the 
course of a reaction (fig 4. la).
Y
121Y
123
catalyst
+ DHt — C—H 
— C—H + D
122
catalyst
+ DHt -C H 
X—H
124
D
X = O or NR 
DH2  = hydrogen donor 
fig 4.1a
The area of transfer hydrogenation has been the subject of several reviews '^^’^  and 
many different hydrogen donors and catalysts have been employed. As the mechanisms 
are similar to conventional hydrogenation, many catalysts are also effective as 
hydrogen transfer catalysts. Donors must be able to complex to the metal and transfer
in
hydrogen, before being released again to leave the metal free to coordinate with the 
acceptor. Alcohols have been quite commonly used as hydrogen donors for the 
hydrogenation of ketones®’^  and olefins .^ Spogliarich et al^  have successfully performed 
hydrogen transfer hydrogenation of ketones and olefinic substrates using /.sopropanol 
as a donor, with various cationic rhodium and iridium phosphine catalysts. For example 
the reduction of 4-iT-butylcyclohexanone (125) was performed at 83°C, with reaction 
times varying from 5 to 240 minutes (fig 4. lb).
'  m / - .    f p J  .
ho- K
HjC c= o
- A '" '  I b c '
125 H 126
R = 4-t-biityl COD = 1,5-cycIooctadiene
M = Rh or Ir L = phosphine ligand
fig 4.1b
Similar experiments have also been carried out by Noyori^, who looked at the 
asymmetric transfer hydrogenation of ketones using chiral ruthenium complexes. When 
wopropanol was employed as the donor, hydrogenation of the ketones was achieved 
with high yields and with good e.e. (enantiomeric excess). Noyorf further reported 
that when formic acid was employed as the donor, both the yield and e.e. were higher 
still. Formic acid has also proved to be an excellent donor in the hydrogen transfer 
hydrogenation of carbonyl compounds^’^  and aromatic nitro compounds^, but more 
importantly the transfer hydrogenation of carbon-carbon bonds can also be 
accomplished under very mild conditions^°'^ .^
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4.2 Hydrogen Transfer using Formic Acid and Formate Salts
4.2.1 Hydrogen transfer using formic acid
Asymmetric hydrogen transfer hydrogenation using foimic acid differs from other 
previously reported donors^"  ^as hydrogen transfer proceeds irreversibly, with 
liberation of carbon dioxide (fig 4.2a), whereas wopropanol donates hydrogen in a 
reversible step (fig 4.1b). This probably accounts for the higher yields reported by 
Noyori^ for the hydrogen transfer hydrogenation of ketones (127) when using formic 
acid.
catalyst ^
0
V II + HCOjH ------------------------------ C +  CO2
127 128
fig 4.2a
Many recent papers have investigated the hydrogen transfer hydrogenation of carbon- 
carbon double bonds using formic acid^ ®'^ .^ Leitner and Brunner^ "^^ '* have been 
concerned with the enantioselective transfer hydrogenation of various a,J3-unsaturated 
carboxylic acids and in a similar fashion Blagbrough et al^  ^have performed the 
asymmetric hydrogenation of itaconic acid (129). With chiral rhodium catalysts they 
observed no loss of asymmetric induction and were able to obtain an e.e. in excess of 
90%. They also reported that in labelling studies using deuterated formic acid they 
were able to introduce 2.4 deuterons into the (5)-(-)-methylsuccinic acid product (130) 
(fig4.2b).
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H H „  DX DOjCD/EtjN gsolvent \-► CH O .< -C  « V ,  H O .< ^ p C O ,H
129 BPPM
itaconic acid
H 
130
(S)-(-)-methylsiiccinic acid
fig 4.2b
The isotopic enrichment observed during both gaseous and hydrogen transfer 
hydrogenation was explained by a reversible transfer addition to methyl succinic acid 
by a similar mechanism to that observed with Wilkinson’s catalyst. An equilibrium 
exists between the olefin and rhodium alkyl intermediate during which hydrogen can be 
exchanged for deuterium resulting in the overall incorporation of 2.4 deuterons^^.
4.2.2 Mechanism of Hydrogen Transfer using Formic Acid
An extensive mechanistic investigation of asymmetric transfer hydrogenation of a,P- 
unsaturated carboxylic acids using formic acid and cationic rhodium catalysts, was 
carried out by Brown et al^ '^ . The study showed many similarities between both 
gaseous and transfer hydrogenation. As the products appeared to be very similar, it 
was suggested that a common intermediate was formed in both reactions. Since it was 
known that carbon dioxide was liberated during the reaction, it was postulated that 
oxidative addition of formic acid to the catalyst (131) occurs initially, followed by
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decarboxylation. This yields an active metal hydride intermediate (132) common to 
both gaseous and hydrogen transfer hydrogenation (fig 4.2c).
HCO^H
subsü'ate subs bate
PRh(diphosidiine)]+ _     [RhH2(dii4iosplime)(subsh’ate)]+ ^ ----------------  [Rh(diphospMne)]^
131 132 '  131
fig 4.2c
The mechanism using gaseous hydrogen was known to proceed through oxidative 
addition of hydrogen to the rhodium catalyst to yield the active hydride intermediate. 
However two possible mechanisms can be proposed for formic acid (fig 4,£e), the first 
involving a direct hydrogen transfer process (path A). Alternatively evolution of free 
hydrogen followed by oxidative addition is another possibility (path B), as rhodium 
complexes are known to catalyse the decomposition of formic acid^  ^(fig 4.2d).
catalyst
HCOjH ^  H2 + CO2
fig 4.2d
From their studies Brown et al^ '^  were able to show strong evidence for the direct 
hydrogen transfer mechanism (path A). Using combinations of HCO2H and DCO2H 
the rate limiting step was found, by the kinetic isotope effect ky/kc = 3.1, to be 
cleavage of the C-H bond of formic acid. It was also suggested that hydrogen transfer 
must be a rapid process by comparison to formic acid decomposition (path B).
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H/'■"Np F = diphosphine ligand 
= chelating substratepath A 
HCO,H 134
H
àh"
( HCO2H-*- H2+ CO2)
133 path B 135
fig 4.2e
Furthermore hydrogenation using hydrogen gas under identical reactions conditions 
was found to be much slower than transfer hydrogenation. But more importantly when 
less then 1 equivalent of formic acid was reacted with a substrate in the presence of 
hydrogen gas, no uptake of hydrogen was observed until evolution of carbon dioxide 
had ceased and thus the formic acid had first been consumed '^ .^
Brown et al^ '^  also looked at the kinetics of hydrogenation using simple substrates such 
as itaconic acid, where the rate limiting step was C-H bond cleavage. In the case of 
(F^-phenylitaconic acid however, there was a first-order rate dependence on the 
substrate. This might be expected for poorly coordinating tri-substituted olefins and 
indicates that C-H bond cleavage is no longer rate limiting. In this situation more 
decomposition of formic acid may occur, making an appreciable increase in the amount 
of molecular hydrogen in solution.
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Extensive exchange was also found when (£)-phenylitaconic acid was reduced with the 
mono deuterated formic acids (DCO2H and HCO2D). This suggests that the rhodium 
hydride species [RhHDL2 ]^  undergoes rapid proton/deuteron exchange before 
coordination to the substrate, as products containing 0, 1 and 2 deuterium atoms have 
been observed. This may be explained by a reversible deprotonation step (138<->!39) 
to form a mono hydride species (139). Such a step would not be inconsistent with the 
proposed mechanism for hydrogenation with cationic rhodium catalysts under gaseous 
hydrogen, described in chapter 3. A possible catalytic cycle for the hydrogen transfer 
hydrogenation with formic acid and cationic rhodium catalysts is shown in fig 4.2f.
HCOjH - CO2 “ H+
[RliL2l+ -  [RhH(02CH)L2l+ ------- ». [RIiHjLjF ^ RliHLj
136 137 138 + H+ 139
+ alkene
[RhHL2(alkyl)]+ ....... ^  [RhH2L2(alkene)]+
141 140
L = phosphine ligand (or = diphosphine ligand)
fig 4.2f
Brown et al^ '^  also tried to study the exact mechanism for activation of formic acid and 
the subsequent decarboxylation / hydride transfer. However their attempts to observe 
the intermediates by NMR spectroscopy proved unsuccessful. However two 
possible pathways for the hydride transfer from the formate to the rhodium were 
proposed (fig 4.2g), one from outside the coordination sphere (142) and the other 
from inside (143)
alkane
119
V”
\  ! + /  \Rh' Kli.X s  , /  \
142 143
S = solvent 
L = phosphine ligand
fig 4.2g
Although no direct evidence for this transfer step has been documented, the catalytic 
formation of formate using ruthenium catalysts^^ is known to proceed by insertion of 
carbon dioxide into the Ru-H bond of the hydrido complex. Therefore path (142) or 
the intramolecular route involving hydride transfer from a rjkformate moiety seems the 
most likely.
4.2.3 Hydrogen Transfer using Formate Salts
Although deuterated formic acid is an excellent donor, several drawbacks make it less 
desirable as a tritium donor, due to rapid exchange from the labile acidic triton and the 
possibility of catalysing the irreversible production of tritium gas (fig 4.2d). As formic 
acid is also a liquid at room temperature, handling and storage also becomes an 
important concern. In contrast deuterated formic acid is used in excess, so production 
of small amounts of deuterium gas and proton/deuteron exchange are not so critical.
120
A more attractive approach is to use the salts of formic acid, such as ammonium or 
metal salts, which are high melting point solids. Indeed metal formate salts are 
considered ‘true’ hydrogen donors as no hydrogen gas is released during the course of 
the reaction. Formate salts also have a wide range of applications and the hydrogen 
transfer hydrogenation of C=C double bonds^^’^ ,^ reduction of carbonyl groups^®’^  ^and 
transfer hydrodehalogenation of organic halides^ '^^ '* have all been reported.
Unlike formic acid which will decompose in the presence of a catalyst to give a 
dihydrido species or hydrogen gas, formate salts, with the exception of ammonium 
formate, only donate one hydrogen. They are particularly effective donors for 
hydrodehalogenation reactions where hydrogen replaces the halide according to the 
scheme :
catalyst
RX + BCO2M  -----------► RH + MX + CO2
M = K^, N a \  Li^ or NH4 X = Halide
However in order to hydrogenate carbon-carbon double bonds, ketones or aldehydes a 
second hydrogen needs to be donated from a protic solvent (fig 4.2h).
A
122
+ HCOjM + H2O
catatyst X • MOH + CO,R R ’ 
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R' catalyst+ HCO2M + H2 O ----------
R
144
fig 4.2h
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Toniolo et studied the hydrogen transfer hydrogenation of y-keto-a, p-unsaturated 
carboxylic acids (146) using Pd/C and sodium formate. He found that water at low 
concentrations had a beneficial effect on the reaction rate with the optimum yield being 
obtained when the water/formate ratio is ca. 2.8. In the absence of water the reaction 
may still proceed via the following scheme :
PhCOCH=CHCOOH + HCOiNa -------- ► PhCOCHjCHjCOONa + CO2
146 147
In the presence of water it was found that a further reaction takes place and 
bicarbonate is formed, which will eventually evolve carbon dioxide and the reaction 
can be described by the following scheme :
PhCOCH=CHCOOH + HCOjNa + HjO -------- ► PhCOCHjCH^COOH + HCOgNa
146 147
4.2.4 Mechanism of Hydrogen Transfer using Formate Salts
Based on his results, Tonioloproposed a reaction scheme for Pd/C catalysed 
hydrogen transfer hydrogenation using formate salts, in which the formate, substrate 
and water are initially adsorbed onto the surface of the catalyst (149) In an analogous 
fashion to formic acid, the formate ion then undergoes decarboxylation to afford an 
active metal hydride species (150). The hydride can then be transferred to the substrate 
to give a metal-alkyl intermediate species (151) This is followed by a second proton 
transfer from the adsorbed water to yield the fully hydrogenated product (152) (fig 
4.2i).
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H,0 SMC-CH fi:' HCO2-
catalyst surface 
148
Hj(j> <j>
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149
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RH^—Cigi’
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150
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fig 4.2:
Although the hydrogen transfer hydrogenation mechanism using formic acid and 
homogeneous rhodium catalysts has been extensively studied by Brown et al^ '*, 
surprisingly much less interest has been devoted to the mechanism of hydrogenation 
using formate salts^ .^ Furthermore use of formate salts as a source of deuterium (or 
indeed tritium) has received little or no attention, whereas in contrast deuterated 
formic acid has been widely utilised as a deuterium source '^ ’^^ .^ Clearly transfer 
hydrogenation using foimate salts also offers great potential as a labelling method.
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4.3 Hydrogenation of Unsaturated C=C Double Bonds using Formate
Salts and Wilkinson’s Catalyst
The hydrogenation of unsaturated C=C double bonds using formates salts has been 
reported by several workers^*’^ ,^ where Pd/C was employed as the catalyst. We wanted 
to see if homogenous catalysts, which are in general more efficient than heterogeneous 
catalysts, could also be employed. Wilkinson’s catalyst also has the advantage of being 
selective to the reduction of C=C double bonds. Blum^  ^and Marcec^  ^have used the 
closely related complex, Rh(PPh3 ) 4  under hydrogen transfer conditions, for reduction 
of carbonyl groups and hydrodehalogenation respectively.
We were initially presented with the problem of finding a suitable reaction solvent, 
which must be a compromise between solubility of the catalyst, substrate and formate. 
We knew from previous experiments when using Wilkinson’s catalyst, that the 
activated rhodium hydride species RhH2 (PPh3)2 S (S = solvent) had greater solubility 
than the initial complex, Rh(PPh3)sCl. This was also found to be true for hydrogen 
transfer reactions where DMSO, DMF or acetone were employed as the reaction 
solvent. Initially the catalyst has a very low solubility but upon heating the undissolved 
catalyst is consumed after a few minutes. However solubility remained quite low when 
using alcohols (methanol or ethanol) and the catalyst was insoluble under aqueous 
conditions. The best solvent was found to be DMSO (dimethyl sulphoxide), which 
offered good solubility for both the catalyst and a wide variety of substrates.
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4.3.1 Hydrogenation of ^ rans-a-methylcinnamic acid using Ammonium Formate
We chose trans-a-methylcinnamic acid (58) as a candidate for our initial hydrogen 
transfer hydrogenation studies, as it is a high melting point solid, has good solubility 
and the reaction can easily be followed by NMR spectroscopy. Several formate 
salts were available to us, but ammonium formate was chosen as it was moderately 
soluble in DMSO at room temperature, whereas the metal formate salts had poor 
solubility. Wilkinson’s complex was employed as the catalyst and the reaction was 
performed at various temperatures, in both air and under a nitrogen atmosphere (fig 
4.3a).
NH4 O2 CH
Rh(PPh3)3a
CH
58
D M S O
H2 O
CH
154
fig 4.3a
The hydrogenation of /7'a??5-a-methylcinnamic acid (58) using deuterium gas and 
Wilkinson’s catalyst has been described in chapter 2. Because it is tri-substituted and 
therefore quite a hindered alkene, reaction times were very long. These reaction times 
were quite dramatically reduced under hydrogen transfer conditions, fi*om the order of 
days to minutes (graph 4.3a).
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Graph 4.3a : Hydrogenation of ^ ans-a-methylcinnamic acid with Ammonium 
Formate and Wilkinson’s Catalyst
&(DI■§
100
80
100°C under nitrogen
50°C under nitrogen
60 100 C in air
40 50 C in air
20
0
0 20 40 60 80 100 120
time (mins)
substrate : formate : water (1 : 2.5 : 4.5 by mole )
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Overall we observed that the experiments which were performed in air, gave lower 
ratios of the reduced product (154) when compared to the same experiments 
performed under a nitrogen atmosphere. Wilkinson’s catalyst is known to be sensitive 
to oxygen, which acts as a poison by irreversibly coordinating to the rhodium. Thus the 
gradual loss of activity upon prolonged exposure to air is not unexpected. Indeed after 
approximately 60 minutes we observed no fiirther reduction of the trans-a- 
methylcinnamic acid (58). The graph also suggests that the catalyst degrades at 100°C 
after only a short period of heating (~25 mins), even under a nitrogen atmosphere. The 
catalyst appears to be more stable at 50°C under nitrogen, and no significant decline in 
the rate of hydrogenation is observed.
The ratio of />’a;?5-a-methylcinnamic acid (58) to a-methylhydrocinnamic acid product 
(154) was calculated from the relative intensities of the methyl signals (2.16 & 1.13 
ppm, respectively) and given as a percentage. Substrate, formate and water were added 
in a ratio of 1 ; 2.5 ; 4.5 by mole, and Wilkinson’s catalyst was used in a substrate to 
catalyst ratio of 120 : 1 by mole.
4.3.2 Hydrogenation of ^ fl«s-a-methylclnnamic acid using Metal Formate Salts
In an extension to the above study we decided to compare the transfer hydrogenation 
of /rûf/75-a-methylcinnamic acid (58) using both ammonium formate and metal formate 
salts. The hydrogenation experiments were carried out using ammonium, potassium 
and sodium formate under identical conditions (fig 4.3b).
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ca
58
ca
1541.9 mmoles
Rh(PPhg)gCl 0,016 mmoles
DMSO 1.5 ml 
 ►
foimate 4.8 mmoles 
100“C 30 mins
a)NB4 0 2 CH yield = 78%
b)Na0 2 CH yield = 28%
c)KÜ2 CH yield = 33%
fig 4.3b
As expected much poorer yields were obtained when using potassium and sodium 
formate. The rate limiting step is likely to be C-H bond cleavage in the formate and the 
rate of hydrogenation will be dependent on the formate concentration. As these metal 
formates were much less soluble, the lower yields are not surprising.
4.3.3 Hydrogenation using Deuterated Formates and/or Deuterated Protic 
Solvents
Several possibilities exist for introducing a deuterium label, by using deuterated 
formate salts and/or deuterated protic solvents such as deuterium oxide. Clearly when 
using only deuterated formate, nominally only one label is introduced into the 
substrate. In order to complete the reduction a second hydrogen is transferred from the 
reaction solvent or possibly from a labile proton in the substrate. So by also employing 
a deuterated protic solvent, two labels can be introduced into the substrate.
128
To achieve maximum isotopic incorporation, the presence of labile protons needs to be 
avoided, which will result in dilution of the isotope pool. From our experiments we 
found the reactions were best performed in a polar non protic solvent, containing small 
quantities of deuterium oxide. DMSO was found to be the best choice of solvent, 
although d4 -methanol has been successfully used as the reaction solvent and donor. 
Potassium formate was chosen as the hydrogen donor because the deuterated formate 
is commercially available and unlike ammonium formate it has no labile protons.
4.3.4 Regioselective Hydrogenation of Cinnamic Acid using Formates
Experiments with /rm?j:-a-methylcimiamic acid (58) have shown us that relatively 
hindered tri-substituted alkenes could be hydrogenated very rapidly using ammonium 
formate, but lower yields were obtained when using metal salts. Due to the poor 
sensitivity of the deuterium nucleus towards NMR spectroscopy, we need to maximise 
the yields. Although the catalyst to substrate ratio can be increased to improve the 
yields, increasing the amount of formate has little effect. We therefore decided to 
investigate a less hindered di-substituted alkene and cinnamic acid (57) was chosen for 
this purpose. As well as being a high melting point solid, the hydrocinnamic acid 
product (155) gives good separation of the a  and (3 signals in the NMR (^H 
decoupled) spectrum. Furthermore as no double bond migration is possible, product 
analysis is greatly simplified.
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Because of the labile acidic proton we examined the possibility of performing 
experiments with the sodium cinnamate, but these proved unsuccessful due to poor 
solubility and so the protonated form was used. Experiments were carried out using a 
combination of KO2 CD/D2 O, KO2CD/H2 O and KO2 CH/D2 O in a sealed vessel, which 
was heated for 30 minutes at 120°C in an inert atmosphere. Upon completion of the 
reaction the products were isolated with a yield of 73 - 80 % and the and NMR 
spectra were recorded.
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50 mg 
cinnamic acid
Rh(PPh3 )3 a  15 mg
KOjCD 50 mg
DjO 0.02 ml  1
DMSO 0.5 ml 
30 mins 120®C 155
d2 -hydrociimamic acid
fig 4.3c
When using both KO2CD and D2 O, the labelled d2 -hydrocinnamic acid product (155) 
was isolated and confirmed by both and NMR analysis. The NMR (^H 
decoupled) spectrum gave two peaks of equal intensity (2.88 & 2.54 ppm), which was 
consistent with addition of two deuterons across the double bond of cinnamic acid (57) 
and was identical to the spectra obtained when using deuterium gas.
no
H NMR spectrum of hydrocinnamic acid (CDCI3)
H NMR ( H decoupled) spectrum of di-hydrocinnamic acid (CHCI3)
PPM ' 5
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For the experiments using KO2 CD/H2 O and KO2CH/D2 O, only a mono deuterated 
product was anticipated. We also expected the deuterium to add equally across the 
double bond, giving a similar labelling pattern to that observed when using 
KO2 CD/D2 O. Somewhat unexpectedly however we found that the deuterium was 
adding non-symmetrically across the double bond. Even more surprising was the fact 
that the formate proton/deuterium was directed towards the a-carbon and the second 
hydrogen from the solvent was directed towards the P-carbon (fig 4.3d), This was 
clearly evident in the NMR spectra which showed the label to be introduced with 
greater than 85 % regioselectivity.
57
50 mg
Rh(PPh3 )3 a  15 mg
KOjCD 50 mg
HjO 0.02 ml 
------------------------------------- i
DMSO 0.5 ml 
30 mills 120“C
Rh(PPh3 )3Cl 15 mg
KO2 CH 50 ing
D2 O 0.02 ml  1
DMSO 0.5 ml
30 mins 120°C
156
157
fig 4.3d
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H NMR ( H decoupled) spectrum of di-hydrocinnamic acid (CLVI) from
KO2CD/H2O (CHCI3)
H NMR ( H decoupled) spectrum of di-liydrociniiamic acid ( C L V n )  from 
KO2CH/D2O (CHCI3)
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The reaction with KO2 CH/D2 O was repeated at 50°C for 30 mins under otherwise 
equivalent conditions. Although the labelled product was isolated in a much lower 
yield 52 %, the NMR (^H decoupled) spectrum showed the deuterium was 
incorporated into the P position with greater than 95 % regioselectivity. The difference 
in regioselectivity between 50 and 120°C may be explained by exchange of the formate 
proton/deuteron or in a metal hydride intermediate, particularly at elevated 
temperatures.
H NMR ( H decoupled) spectrum of di-hydrociiinamic acid from KO2CH/D2O 
at 50°C (CHCI3)
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After observing these labelling patterns with Wilkinson’s catalyst and formates, we also 
investigated the same reaction with a second homogeneous catalyst, Osborn’s catalyst 
and also a heterogeneous catalyst, Pd/C. It was found that for the reduction of ttans- 
cinnamic acid (57) with the heterogeneous catalyst nearly all selectivity was lost under 
the same conditions, Osborn’s catalyst however retained the same selectivity as 
Wilkinson’s catalyst, although yields were lower (fig 4.3e).
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[Rh(NBD)(PPh3)2r
fonnate
water
DMSO
120 C 30 mills
[Rh(PPh3)2]+ iiorboniane
KO2 CH/D2O 
ciiinaimc acid
KO2 CD/H2 O 
cinnamic acid
yield = 62 %
H H .CO2H
156 157
fig 4.3e
Osborn’s catalyst, unlike Wilkinson’s catalyst, is required to first reduce the 
coordinating diene fi-om the cationic rhodium catalyst, so the lower yields are 
expected. The active intermediate, in a strongly coordinating solvent like DMSO is 
likely to be solvated [RhS2 (PPh3)2 ]^  (S = DMSO). With the exception of a halide 
ligand, this is very similar to the active complex observed with Wilkinson’s catalyst, 
RhS(PPh3)2 Cl. So the fact we observe the same selectivity is not unexpected.
In a further experiment the hydrogenation of ethylcinnamate (119) was studied, again 
using Wilkinson’s catalyst and KO2 CH/D2 O at 120°C. As the ethyl ester is slightly 
more hindered, a lower yield was expected and indeed the mono labelled product (120) 
was only obtained in 64 % yield (fig 4.3e). The NMR (^H decoupled) spectrum of 
the crude reaction mixture contained two major product peaks at 8 2.61 and 2.95 ppm 
which were consistent with the labelled di-ethyl hydrocinnamate product (120) Two
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smaller peaks were also observed at ô 6.50 and 7.76 ppm and these were consistent 
with exchange into the starting material (119). However in contrast to the previous 
experiments, the two major product peaks were approximately equal in intensity, 
indicating that all selectivity appears to be lost with the ethyl ester.
59 mg
119
Rh(PPh3)3a  15 mg 
KO2CH 50 mg 
DjO 0 , 0 2  m! *
DMSO 0.5 ml 
30 mins 120®C
H COzEt 
0 ^ ™
120
fig 4.3f
H NMR ( H decoupled) spectrum of ethylcinnamate hydrogenation with 
KO2CH/D2O (CHCI3)
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4,3.5 Hydrogenation of Methylitaconate Using Formate Salts
The hydrogen transfer hydrogenation of itaconic acid (129) and related compounds 
using formic acid has been studied by Leitner and B r o w n a n d  also Blagborough^^ 
Both groups were concerned with asymmetric hydrogenation using cationic rhodium 
complexes. As mentioned previously Blagborough et al^  ^went on to perform 
deuteration studies using both gaseous deuterium and deuterated formic acid. It was 
found that isotopic enrichment occurred which resulted in an average incorporation of
2.4 deuterons into the methylsuccinic acid product. This was explained by an 
equilibrium between the olefin and metal-alkyl intermediate as observed in Wilkinson’s 
type mechanism, although no direct evidence was presented.
We decided to investigate itaconic acid (129) as a suitable hydrogen transfer 
hydrogenation candidate using formates and Wilkinson’s catalyst. However rather than 
use the acidic form we decided to synthesise the dimethyl ester (158) in order to help 
improve the solubility of the product in organic solvents and also to remove labile 
acidic protons. The hydrogen transfer hydrogenation was performed using a 
combination of KO2 CD/H2 O and KO2 CH/D2 O at 120°C for 30 mins (fig 4.3g). Upon 
completion of the reaction, the mono deuterium labelled methylsuccinic acid product 
(159) was isolated in 90-93 % yield. The products were then analysed by ^H and ^H 
NMR spectroscopy.
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YMeO^ G—C^  '^ COjMe
158
50 mg
KO2 CH or KOjCD 50
HjO orDgO 0.01 ml
Rh(PPh3 )jCl 10 mg  ►
DMSO 0.5 ml 
1200C 30 mills
H 9(D)
H-C^^H(D) 
MeO^G-^ '^ CO^ Me
^ k a »
159
cUh<&\^y\
fig 4.3g
The two methylene protons in dimethyl methylsuccinate (159) are inequivalent and 
consequently in the NMR spectrum of protonated dimethyl methylsuccinate (159), 
the two methylene protons give rise to two sets of double doublets at ô 2.3 and 2.6 
ppm. A doublet is also observed at 1.2 ppm corresponding to the three methyl protons 
and a multiplet is observed at 2.8 ppm for the methine proton. Fortunately these peaks 
occur over a large chemical shift range and the NMR (^H decoupled) spectra shows 
good resolution. We were able to observe four major peaks in the NMR (^H 
decoupled) spectra of the labelled dimethyl methylsuccinate (159) This showed 
deuterium had been incorporated into the methyl, methylene and methine position and 
therefore suggests that an equilibrium step between the metal-alkene (160) and metal- 
alkyl (161) intermediate results in extensive double bond migration (162) and isotope 
exchange (fig 4.3h).
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H NMR ( H decoupled) spectrum of labelled dimethyl methylsuccinate from
K O 2C H /D 2O  (C H C I3)
H NMR ( H decoupled) spectrum of labelled dimethyl methylsuccinate from 
KO2CD/H2O (CHCI3)
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Minor differences in the labelling pattern were observed for both the mono labelled 
products, but this was not as pronounced as those observed for cinnamic acid. The 
NMR (^H decoupled) spectra for both products showed labelling in the methylene 
group. We believed that dimethyl • (164) was formed during the
reaction (fig 4.3h), which is then subsequently hydrogenated to dimethyl 
methylsuccinate (159), We therefore repeated the reaction but heating was stopped 
after 10 minutes and the crude reaction mixture was analysed. The NMR (^H 
decoupled) spectrum was very complex and consisted of a total of nine major peaks. 
These were consistent with the presence of labelled dimethyl methylsuccinate (159), 
dimethyl itaconate (163) and also dimethyl (164) (fig 4.3i). These
products were formed in an approximate ratio of 30 %, 34 % and 36 % respectively, 
as deteimined by NMR spectroscopy.
ÏMe0 2 0 - ^  C02Me
H i
158 
50 ing 
dimethyl itaconate
KO2CH SO mg 
D2O 0.01 ml 
Rh(PPh3)3CI 10
DMSO 0.5 ml 
120°C 15 uins
MeÜ2C-^Ç CÜ2Me TT I H(0)
163
MeOiC— \x>2Me
(D)
164
30%  
dimethyl itaconate
36%
dimethyl 
C  l/y-îbc Co
34%MeOsO^^^COzMe 
Mc< H dnnethyl
159 methylsuccinate
159
%4.3i
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H NMR ( H decoupled) spectrum of partially hydrogenated dimethyl itaconate
(C H C I3)
5.8 ppm 6.3 ppmYMeO^C-^C  ^ '^COjMe 
H H 
3.4 ppm
2.3 ppm
ÀMeOjC—Ç COjMe
H
6.6 ppm
1.2 ppm
H H
MeOîO^ç'' '"cOjMe 
H H
2.7 ppm
2.4 ppm
163
dimethyl itaconate
164
dimethyl
159
dimethyl
methylsuccinate
fig 4.3j
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4.3.6 Hydrogenation of trans-a-phenylcinnamic acid Using Formates
Experiments performed on the reduction of a-methylcinnamic acid have shown how 
even hindered alkenes can be rapidly hydrogenated under hydrogen transfer conditions, 
a process which would otherwise be extremely slow when using hydrogen gas. When 
the methyl group is replaced by a phenyl substituent (59) we were unable to observe 
any reduction at all when using gaseous hydrogen and so we decided to investigate this 
substrate under hydrogen transfer conditions.
CO2H
59
70 mg
Rh(PPh3 )3 Cl 15 mg 
KO2 CH/KO 2 CD 50 mg 
D 2 O /H 2 O 0.02 ml
DMSO 0.5 ml 
30 mins 120“C 165
fig 4.3k
We investigated the reaction using combinations of KO2 CD/D2 O, KO2 CH/D2 O and 
KO2 CD/H2 O as in previous reactions with cinnamic acid (fig 4.3k). As expected, due 
to the bulk of the phenyl substituent, yields were reduced, 57-60 %. Interestingly  ^
however  ^the labelling patterns obtained for both the mono labelled and di-labelled 
phenylhydrocinnamic acid products (165) did not vary greatly. We observed two peaks 
in the NMR (^H decoupled) spectrum with an approximately equal distribution of 
deuterium and thus little or no regioselectivity is observed with this substrate.
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H NMR spectrum a-pheiiylhydrocinnamic acid (CDCI3)
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H NMR ( H decoupled) spectrum di-a-phenylhydrocinnamic acid from 
KO2CD/D2O (CHCb)
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The NMR spectrum of a-phenylhydrociiinamic acid (165) is similar to 
methylsuccinic acid in that the methylene protons are inequivalent and give rise to two 
sets of double doublets at 8 3.0 and 8 3.4 ppm. The methine proton also gives a double 
doublet at around 8 3.8 ppm. Because we only observe two peaks in the NMR (^H 
decoupled) spectmm, deuterium must only be incorporated into the methine and 
stereoselectively into one of the methylene positions.
COjEt Rh(PPh3)3Cl 15 mg KOjCD 50 mg
DjO 0.02 ml
DMSO 0.5 ml 
30 mins 120”C
H/D,
H/D~
167
f i g  4 . 3 1
We then performed the same reactions on the ethyl ester of a-phenylcinnamic acid 
(166), under identical conditions (fig 4.31). Initially the reaction was performed using 
KO2 CD/D2 O and the d2 -ethyl phenylhydrocinnamate product (167) was isolated in 52 
% yield. Somewhat surprisingly however we observed tliree peaks in the NMR (^H 
decoupled) spectrum showing that the methine and both methylene positions had been 
labelled. Subsequent experiments were then performed using one deuterium source. 
These also gave surprising results with the observation of only one peak in the 
NMR (^H decoupled) spectrum for the reaction with KO2 CH/D2 O and two peaks with 
KO2 CD/H2 O. These labelling patterns were consistent with the label being selectively 
introduced into the methylene or metliine positions, respectively.
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H NMR spectrum of ethyl phenylhydrocinnamate (CDCI3)
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H NMR ( H decoupled) spectrum of dz-ethyl phenylhydrocinnamate from 
KO2CD/D2O (CHCI3)
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NMR ( H decoupled) spectrum of di-ethyl phenylhydrocinnamate from
K O 2C H /D 2O  (C H C I3)
NMR ( H decoupled) spectrum of di-ethyl phenylhydrocinnamate from 
KO2CD/H2O (CHCI3)
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4.4 Hydrogen Transfer Reactions using TMEDA Salt of Formic acid
We have shown how two deuterium labels can be introduced into C=C double bond by 
the use of deuterated formates and deuterium oxide, but this clearly has limitations.
The formate salts have poor solubility, except in very polar solvents and consequently 
the range of suitable reaction solvents is veiy small. Deuterated formic acid however, 
which is a source of two deuteriums, can be used in a greater range of solvents and 
decomposes cleanly to give only carbon dioxide as a by-product. However as formic 
acid is a hygroscopic liquid and contains a labile deuterium, long term storage of 
labelled formic acid could present a problem.
In order to generate a more convenient source of d2 -formic acid we have formed a 
quaternary salt with TMEDA (tetramethylethylenediamine) (168), giving a high 
melting point solid (169) (fig 4.4a), By choosing TMEDA (168) we have been able to 
form the di-formic acid salt (169), giving a high isotopic incorporation. Furthermore 
the rate of hydrogenation compares favourably with other formates and it has the 
advantage of greater solubility in a wider range of solvents.
2 DO2CD + NCH2CH2N
H3 C CH3
168
/ : h3
DCO2 ^TyCH2CH2^^ O2 CD
H3 C CH3
169
fig 4.4a
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4.4.1 Hydrogenation of ^ ««s-a-methylcinnamic acid using Formic Acid / 
TMEDA Salts
Previously we compared the hydrogenation of AYZ«^-a-methylcinnamic acid (58) with 
ammonium formate and the formic acid / TMEDA salt using Wilkinson’s catalyst. 
Importantly when using ammonium formate or metal formate salts it is necessary to 
introduce water into the reaction, which is not necessary with the formic acid salt. 
However we used equivalent amounts of the formic acid salt and ammonium formate 
based on mole ratios, with DMSO as the reaction solvent. The reactions were then 
performed under identical conditions (fig 4.4b).
Rh(PPh3)3a 9.0 mg 
DMSO 0,5 ml
58 100°C 30 mins 154
100 mg
a) NH4O2CH 60 mg yield = 3 7 %
H2O 0.02 ml
b) (CH3)2N(CH2)2N(CH3)2.2H02CH yield = 77%
100 mg
fig 4.4b
In DMSO we found the formic acid / TMEDA salt gave almost twice the yield of a- 
methylhydrocinnamic acid (154) as for an equivalent amount of formate salt. However 
we also wanted to investigate the possibility of using less polar reaction solvents. The 
formic acid salt was found to be soluble in a wide range of organic solvents including 
chloroform, toluene and chlorobenzene. Unfortunately attempts to hydrogenate tram-
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a-methylcinnamic acid (58) in these solvents proved unsuccessful. This is probably 
because the formic acid / TMEDA salt can not ionise in these organic solvents and 
remains as an ion pair. If a sufficient amount of a polar co-solvent, such as methanol, is 
added then hydrogenation can then proceed.
We next performed the deuteration of /ra«5-a-methylcinnamic acid (58) in DMSO 
using the dz- formic acid / TMEDA salt (169) (fig 4.4c), under identical conditions to 
those used previously. Upon analysis of the dz-a-methylhydrocinnamic acid (154) 
product it was found that extensive isomérisation had taken place by the presence of 
three peaks at 6 1.2, 2.7 and 3.1 ppm in the ^HNMR (^H decoupled) spectrum. These 
are consistent with labelling of the methyl, methylene and methine positions, 
respectively.
CO,H
CH
58
Rh(PPhg)3 a  9,0 mg g  H7D ^
-H/DCH/D,DMSO 0.5 ml y '---- ^H /
100“c 30 mins D 154
lOD mg (CH3)2N(CH2)2N(CH3)2.2D02CD
100 mg
fig 4.4c
As with phenylhydrocinnamic acid the two methylene protons are non-equivalent and 
again the NMR spectrum gives rise to two sets of double doublets. Unfortunately in 
this system they overlap and due to the broad nature of the peaks obtained in the 
NMR (^H decoupled) spectrum, they can not be clearly resolved.
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H NMR spectrum of a-methylhydrocinnamic acid (CDCI3)
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4.5 Discussion
4.5.1 Mechanism of Hydrogen Transfer
Much of the hydrogen transfer mechanfan has been previously established and 
discussed in the introduction to this chapter. However from the results of the labelling 
studies, several areas of the mechanism seem worthy of further comment. Perhaps the 
most interesting observation is that of regiospecific labelling, particularly with cinnamic 
acid (57) where the formate proton/deuteron was found to be incorporated into the a- 
methylene with a high degree of selectivity. For example when using a combination of 
KO2CD/H2 O, the regiospecifically labelled product (156) is isolated (fig 4.5a).
KOjCD /H jO
-----------------9~
57 156
Rh(PPh3)3Cl
fig 4.5a
If we consider the reaction above (fig 4.5 a), it would suggest that a mono-hydrido 
complex is foimed, [RhD(alkene)(PPh3)2 Cl]' (170), with the deuteron coming from the 
formate ion (i) (fig 4.5b). The deuteron is then directed into the a  position, giving a 
partially reduced metal-alkyl intermediate (171). By contrast, the transfer of one 
hydride from a di-hydrido complex (172) under these conditions, would also give a 
partially reduced metal-alkyl intennediate (173 or 174). However as both hydrogen or
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deuterium have an equal chance of being incorporated into the a-methylene position 
(ii), formation of a symmetrical labelling pattern would then be expected (fig 4,5b),
[RhD(PPh3)2CI] 
H CO,H
o n
o
170
[RliHD(PPli3)2a] 1
H 
172
PRh(PPh3)2Cl]
C O ,H
171
PRliH(PPh3)2Cl]
or
0)
[RhD(PHi3)2Cl]
(H)
173 174
fig 4.5b
4,5,2 Formation of Active Complexes
We have suggested that the formation of a monohydrido rhodium-alkene complex 
(170) can explain the observation of regioselective labelling in cinnamic acid, however 
the reason for forming a monohydrido complex and subsequent direction of the label 
into the a  position is not obvious. We can perhaps gain further insight by looking at 
the mechanism of asymmetric hydrogenation with a,P-unsaturated carboxylic acids, 
which are Imown to displace solvent firom cationic rhodium complexes to form chelate 
complexes in which the olefins and carboxylate are bound to the metal (fig 4.5c). 
These complexes have been studied by Brown^^ and have been shown to be important
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in asymmetric hydrogenation using hydrogen gas. Indeed they are also important for 
hydrogen transfer reactions using d2 -formic acid^ '^^ .^
176
J /
176
X = 0 “,NR2 X = OH,OMe
fig 4.5c
We can postulate a similar complex for cinnamic acid and Wilkinson’s catalyst, which 
is not dissimilar to the cationic rhodium catalysts used for asymmetric hydrogenation. 
Wilkinson’s catalyst does vary slightly in that due to the presence of the halide ligand 
the active complex possesses only three possible coordination sites whereas cationic 
rhodium catalysts have four possible coordination sites. We can predict a structure 
where, after displacement of solvent, cinnamic acid can chelate to rhodium through the 
olefin and carboxylate in two coordination sites (177) (fig 4.5d).
„..ciPh
PPh
OH
177 
fig 4.5d
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4.5.3 Formation of Active Hydride Species
After formation of the chelated cinnamic acid complex (177), one coordination site is 
still available for coordination of the formate ion (178). The formate ion can then 
undergo decarboxylation, which will then lead to the formation of an active 
monohydride complex (179) (fig 4.5e). The rhodium complex is now coordinately 
saturated so that transfer of a second hydrogen or deuterium from either solvent or a 
second formate is not possible.
V  ->■I ^
^ ....  OjCD L....-C02
179177 178
^  = cinnanic acid L = PPhg
fig 4.5e
In subsequent experiments we have observed similar selectively when using Osborn’s 
catalyst, which has four possible coordination sites. This implies that the fact 
Wilkinson’s catalyst is coordinately saturated, is not necessarily important for the 
observation of regioselectivity. Nevertheless it does suggest that transfer of the second 
hydrogen only takes place after formation of the metal-alkyl intermediate (171) (fig 
4.5f).
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OjCD - CO2
[Rh(alkene)(PPh3)2Cl] ----------► [Rh(02CD)(aIkeiie)(PPli3)2Cl]‘ --------». [RliD(aIkene)(PPh3)2Cir
177 178 179
i
H2 O
alkane + OBT + [Rh(PPli3)2Cl] -*----------  [Rh(alkyI)(PPh3)2CI]'
180 171
fig 4.5f
The precise mechanism for transfer of the second hydrogen is not clear, but Toniolo^  ^
proposed a mechansim for Pd/C catalysed hydrogenation, where water was adsorbed 
onto the surface of the catalyst. Transfer of one hydrogen to the alkyl intermediate 
then takes place to give the fully reduced product and hydroxide ion. A similar 
mechanism can also be proposed for Wilkinson’s catalyst (fig 4.5g) where water is 
coordinated to the rhodium metal (ill). Direct attack of a proton fi-om ionised water 
(iv) can not be ruled out at this stage, although this seems unlikely in non-aqueous 
solvents and given the basic nature of the formate salts. Such a mechansim may 
however operate when using formic acid.
H2 O
[Rh(aIkylXPPh3)2Cir  ------► [Rb^OXalkyQCPPI^har  ------ ► Rli(PPh3 >2 a  + alkane + OBT (iii)
171 181 180
[RlKalkyI)(PPh3 )2 Cl] ---------------- ► RhH(aUtyO(PPh3 )2 a   ► Rh(PPh3 )2 Cl + aUtane (iv)
171 (rtzO— +OBT) 182 180
fig4.5g
We have performed several reactions where water was excluded and often found 
extensive exchange into the starting material when using deuterated formate salts. Tliis 
observation is probably due to the formation of a rhodium-alkyl intermediate (171) in a
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reversible deuterium transfer step. As reduction can not be completed the rhodium- 
alkene complex (179) is reformed but a different hydrogen may subsequently be 
involved in the reverse transfer giving the exchanged alkene. Often small amounts of 
the fully reduced product will also be found as it is difficult to exclude all water from 
the reaction flask, especially with DMSO where water can be tightly bound to a 
solvation shell. It is also possible for the substrate itself to act as a donor of hydrogen, 
if it has a source of labile protons such as an acidic group.
4.5.4 Poorly Coordinating Substrates
We have suggested that the formation of the chelate complex with cinnamic acid 
occurs prior to coordination of the formate ion. This seems a reasonable assumption as 
cinnamic acid is a strongly coordinating alkene. Furthermore the concentration of the 
formate ion in non-aqueous solvents is low due to poor solubility. However for poorly 
coordinating alkenes, such as hindered tri and tetra-substituted alkenes, we must 
consider the possibility that coordination of the formate ion may proceed initially. We 
also know from experiments that a solution of the catalyst, heated in the presence of 
formate salt, evolves carbon dioxide. This observation suggests that formation of a 
hydride species can occur quite readily, however our efforts to observe the hydride by 
using NMR spectroscopy proved unsuccessful.
We can however postulate two reaction pathways (fig 4.5h) starting from the solvated 
Wilkinson’s complex, RhS(PPh3)2 Cl (180). Path A is proposed for poorly coordinating
1.56
alkenes and involves coordination of formate initially (183), followed by 
decarboxylation to give the monohydride species (184) Chelation of the substrate then 
gives the active intermediate (179), common to both pathways. From this intermediate 
reversible hydrogen transfer gives a metal-alkyl intermediate (171) Complete 
reduction will then proceed in the presence of H2 O by transfer of a second hydrogen. 
Pathway B which is proposed for strongly coordinating alkenes such as cinnamic acid, 
involves initial coordination of the alkene (177), followed by coordination of the 
formate (178) and decarboxylation as previously described.
OjCD
Lli(all(ene)L2Cl -------- ^  [Rh(02CD)(alltene)L2Cl]-
177 PATHS 178 v .cO g
RhSI^Cl [Rh(02CD)I^Cl]  ^  [RhDI^CIl- [RIiD(aUœne)L2Cl]-
180 183 184
L = PHi3 
S = solvent
PATH AH2 O
- allcuie
[Rh(aI!g^ I)L2a]- 
171
fig 4.5h
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4.5.5 Hydrogen Transfer to Cinnamic Acid
We described earlier the formation of an active monohydride rhodium complex with 
cinnamic acid (179), however this still does not explain why the formate 
hydrogen/deuterium should be incorporated into the a-position as opposed to the (3- 
position. We know from the mechansim of hydrogenation with hydrogen gas, that after 
transfer of one hydrogen into an alkene bond that a rhodium-carbon bond is formed in
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the intermediate complex (186). This complex is short lived as either a second 
hydrogen is transfered to give the alkane (187) or the rhodium-alkene complex is 
reformed (185) (fig 4.5i).
A  HH R’
if  ]
185
Rh-Rh(PPh3)2CI
186
h X h
187
+ Rh
fig 4.5i
We can predict similar intermediates for the hydrogenation of cinnamic acid with 
formate salts except that due to the chelation with the carboxylate, a metallo-cyclic 
intermediate is formed (179) (fig 4.5j). We can then perhaps argue that by insertion of 
the hydrogen/deuterium into the a  position a five membered metallo-cyclic 
intermediate is formed (171) which is favoured over a strained four membered metallo- 
cyclic intermediate (188) that would arise from insertion of hydrogen / deuterium into 
the p position.
179
Ph,
HO
171
H ,0 P1k? H
+ RhLzCl
HO
156
HO
188
fig4.5j
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Although we have no direct evidence to support the formation of a stable five 
membered metallo-cyclic intermediate, other five membered metallo-cyclic complexes 
have been reported by Lockley^^ in isotope exchange reactions using RhCb. In 
particular the exchange of ortho hydrogens in benzoic acid (189) is known to be 
catalysed by RhCls through formation of closely related five membered metallo-cyclic 
complexes (fig 4.5k).
HO,
189
fig 4.5k
Further evidence for these metallo-cyclic complexes comes from the loss in selectivity 
for the ethyl ester of cinnamic acid. With ethyl cinnamate much weaker chelation to the 
carboxylate would be expected and with it the resulting loss of selectivity. We also 
investigated cinnamamide, the amide analogue of cinnamic acid, using combinations of 
KO2CD/H2 O and KO2 CH/D2O. Although the mono-labelled products showed some 
selectivity this was much lower than for cinnamic acid, which would be consistent with 
the foimation of a weaker metallo-cyclic complex.
4.5.6 Hydrogenation of Pheiiylcinnamic Acid and Ethyl Fhenylcinnamate
We reported that the hydrogenation of /raMj-a-phenylcinnamic acid (59) proceeds 
quite rapidly when using formate salts but have observed little or no regioselectivity.
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What has proved most interesting however is the observation of different labelling 
patterns arising between the free acid and ester derivative. We first labelled trans-a- 
phenylcinnamic acid (59) using KO2 CD/D2O as the deuterium source and two product 
peaks were observed in the NMR (^H decoupled) spectrum. This was consistent 
with the labelling of only one non-equivalent methylene position and the methjne 
position. The same reaction with ethyl phenylcinnamate gave rise to three product 
peaks in the NMR (^H decoupled) spectmm, suggesting loss of stereocontrol.
It seems likely that the carboxylate group in fraw^-a-phenylcinnamic acid (59) plays an 
important role, as do the bulky phenyl groups. The rhodium-alkene complex (190) is 
very strained and will be trying to adopt a staggered conformation. However after the 
initial transfer of deuterium from the formate, the intermediate complex (191) may be 
held in a reasonably stable conformation by chelation of the rhodium to the carboxylate 
(fig 4.51). The bulky phenyl group may then direct the second hydrogen transfer from 
the least hindered side.
ClLjDRh-—9
H,. .^COjH RhDLjO ê - O H  ClLjRh-'
> < »  - *  .' K...........Ph’ 'Ph Ph^ h ; 7  V "Ph D
19059 191
O ^  D ,0
D C—i
H"") Y ™  Ph D
192 
fig 4.51
•OH
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We have described in fig 4.5i the fonnation of a five membered metallo-cyclic 
intermediate for -a-phenylcinnamic acid, analogous to that observed with 
cinnamic acid, however we do not observe any regioselectivity in the monolabelled 
products. Yet for the hydrogenation of ethyl phenylcinnamate using a combination of 
KO2 CH/ D2 O or KO2 CD/H2 O, we do observe regioselectivity (fig 4.5m).
Rh(pph3>3a
KO2 CD/H2 O
D /a C0 2 Et 
D/H-^C—C—H 
*• Z S / Ph
H COjEt
C = C  167
^Ph H CO^Et
Rh(PPh3)aCI H-^C—C ^D
^  Ph
166 KO2CH/D2O
fig 4.5m
The selectivity we do observe with ethyl phenylcinnamate is quite interesting because it 
is opposite to what we would expect. The proton/deuteron from the formate appears 
to be directed to the methylene position. Thus the rhodium-alkyl intermediate (194) 
must involve the formation of a rhodium-carbon bond with the most hindered carbon 
(fig 4.5n), whereas we would perhaps expect the rhodium-alkyl intermediate to involve 
the other less hindered carbon. However upon formation of the highly strained 
rhodium-akyl intermediate (194) fi-ee rotation about the methylene-methine bond may 
be possible. Extensive cis-trans isomérisation and exchange with deuterium is also 
likely and clearly the mechanism becomes very complex.
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fig 4.5n
4.5.7 Concluding Remarks
We have shown that hydrogen transfer hydrogenation using formate salts can be a very 
useful labelling technique. Furthermore Wilkinson’s catalyst has proved to be a very 
efficient catalyst. The observation of regioselective labelling clearly indicates a more 
complicated mechanism than might be at first expected. Many aspects of the 
mechanism remain unclear, but may prove to be of great interest in future labelling 
studies.
4.6 Experimental
General Remarks : All NMR spectra were recorded using a Bruker AC-300E 
spectrometer operating at 300 MHz for ^H NMR and 46 MHz for ^H NMR 
spectroscopy. Chemical shifl: values are in parts per million (ppm) and referenced to 
tetramethylsilane, unless otherwise stated.
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Reagents : Ethyl phenylcinnamate and methylitaconate were prepared from the 
corresponding acids using the methods described below. Solvents and reagents were 
obtained from Aldrich Chemical Co, except itaconic acid wMch was obtained from the 
Lancaster Chemical Co. All reagents were purchased in greater than 99 % purity and 
used without further purification. Solvents were AR quality or greater.
Preparation of Ethyl phenylcinnamate : Ethyl phenylcinnamate was prepared from 
the corresponding /7'a«5-a-phenylcinnamic acid using the following procedure. 
Phenylcinnamic acid (1 g, 4.46 mmol) was weighed into a round bottomed flask (25 
ml), to which ethanol ( 1 0  ml) and conc. HCl (1 ml) was also added. The flask was then 
attached to a condenser and the solution refluxed for 5 hrs. The reaction was then 
allowed to cool and chloroform (25 ml) added, the organic layer then washed with 
water (2x10 ml) and dilute NaOH solution (5 ml). After one more washing with 
water (5 ml) the organic layer was dried over anhydrous magnesium sulphate. The 
chloroform was then removed under vacuum to give an oil. Analysis by NMR 
spectroscopy showed greater than 99 % purity and the ethyl phenylcinnamte was used 
without further purification [yield = 780 mg (69%)].
‘H NMR phenylcinnamic acid (CDCb) : 8  7.95 (IH, s, =CH), 7.04-7.37 (lOH, m, 
aromatic) ‘H NMR ethyl phenylcinnamamte (CDCb) : 5 7.82 (IH, s, =CH), 7.02- 
7.38 (lOH, m, aromatic), 4.27 (2H, q, -CHj-, J7.1 Hz), 1.29 (3H, t, -CH3 , J6.9 Hz)
Preparation of dimethvlitaconate : Methylitaconate was prepared from itaconic acid 
(Ig, 7.69 mmol) using the same procedure as for ethyl phenylcinnamte. Analysis by
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NMR spectroscopy again showed greater than 99 % purity and methylitaconate was 
used without further purification [yield = 760 mg (63 %)].
'H NMR itaconic acid (CD3OD) : 8  6,28 (IH, s, = % ) ,  5.81 (IH, s, = % ) ,  3.35 
(2H, s, -CH2 -) *H NMR dimethylitaconate (CDCb) : 8  6.33 (IH, s, =CH2), 5.73 
(IH, s, =CHz), 3.72 (3H, s, -CH3 ), 3.65 (3H, s, -CH3), 3.35 (2 H, s, -CHj-)
Hydrogenation of methvlcinnamic acid using ammonium formate ; We placed a- 
methylcinnamic acid (300 mg, 1.85 mmol), Rh(PPh3)3 Cl (15 mg, 0.157 mmol) and 
ammonium formate (300 mg, 4.76 mmol) in a round bottomed flask (50 ml) into which 
was also placed a magnetic flea. Dimethyl sulphoxide (1.5 ml) and H2 O (150 (rl, 8.33 
mmol) were then added, and the flask was attached to a condenser. For reactions 
performed in air, a drying tube was used otherwise a nitrogen bubbler was fitted to the 
condenser. The flask was then placed in a oil bath and heated to 50°C or 100°C. The 
reaction was sampled by removing a small aliquot (100 p,l) as required. The DMSO 
was removed by washing the sample with water (0.5 ml) and extracting the products 
into chloroform (0.5ml). The chloroform was then removed under a stream of 
nitrogen. The ratio of hydromethylcinnamic acid was deteimined by comparing the 
relative intensities of the methyl signal in methylcinnamic acid (s, 6  2.15 ppm) and the 
methyl signal in hydromethylcinnamic acid (d, ô 1 . 1 2  ppm).
H NMR methylcinnamic acid (CDCb) : ô 7.84 (IH, s, =CH), 7.35-7.45 (5H, m, 
aromatic), 2.16 (3H, s, -CH3) H NMR hydromethylcinnamic acid (CDCI3) : 8
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7.35-7.45 (5H, m, aromatic), 3.05 (IH, dd, - CH-, J  12.9 & 5.9 Hz), 2.59-2.73 (2H, 
m, -CH2 -), 1.13 (3H, d, -CHs, J6 .7  Hz)
Preparation of Formic Acid / TMEDA Salt : TMEDA (8.0 ml, ) was added to a 50 
ml round bottomed flask, which was cooled to 0°C in an ice bath. Formic acid (5.0 g) 
was added over a period of approximately a minute as the reaction mixture was 
vigorously stirred. After approximately five minutes, precipitation of a white solid was 
observed. After all the starting materials had reacted the white solid was dried under 
vacuum to remove any traces of unreacted formic acid and TMEDA. Analysis of the 
product was then performed by ^H and ^H NMR spectroscopy.
H NMR TMEDA (CDCb) : 8  2.38 (4H, s, -(CH2 )2 -), 2.24 (12H, s, -CH3 ) NMR 
dz-formic acid (CHCb) : 8  11.20 (IH, s, -CO2D), 8.09 (IH, s, -CD) H NMR dz- 
formic acid / TMEDA salt (CDCb) : 8  2.98 (4H, s, -(CH2)2-), 2.58 ( 1 2 H, s, -CH3 )
^H NMR di-formic acid / TMEDA salt (CHCb) : 8  12.65 (IH, s, -CO2D), 8.43 (IH, 
s, -CD)
General procedure for reactions using labelled formate salts and/or water : The
substrate (25 - 100 mg), formate (20 - 100 mg) and Rh(PPh3)3 Cl (5-15 mg) were 
weighed into a 25 ml pear shaped flask. DMSO (0.5ml) and water (50 - 200 pi) were 
then added to the flask, which was then equipped with a modified thermometer adapter 
and septum seal. The flask could then be evacuated using a needle flushed with 
nitrogen and re-evacuated. The flask was left under vacuum due to the generation of 
slight pressure during heating. The flask could then be placed in an oil bath for the
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desired reaction time. Upon completion of the reaction, the flask was allowed to cool 
to room temperature. Water was added (~ 10ml) to the reaction mixture and the 
products extracted by addition of chloroform (~ 5ml). The organic layer was then 
washed with water several times to remove the last traces of DMSO, and dried over 
anhydrous magnesium sulphate. The reaction mixture was then passed through a small 
column of silca to remove the catalyst before the organic solvent was removed under a 
stream of nitrogen to leave the crude reaction products. Analysis of the products was 
then performed by and NMR spectroscopy [yield of product : di-hydrocinnamic 
acid 38-41 mg (73-83 %), di-hydroethylcinnamate 38 mg (64 %), 
hydromethylcinnamic acid 38 mg (37 %), d2 -hydromethylcinnamic acid 78 mg (77 %), 
d2-hydrophenyl-cinnamic acid 41-43 mg (57-60 %), d2 -ethyl hydrophenylcinnamate 42 
mg (52 %), di-dimethyl methylsuccinate 46-48 mg (90-93 %)].
‘H NMR Ciiiiiamic acid (CDCb) : 5 7.87 (2H, d, =CH, 15.9 Hz), 7.22-7.33 (5H, 
aromatic), 6.52 (2H, d, =CH, J  15.9 Hz) ‘H NMR liydrocmnamlc acid (CDCI3) : 8  
7.15-7.27 (5H, aromatic), 2.88 (2H, t, -CH2-, J7.2 Hz), 2.54 (2H, t, -CH2-, J 7.2 Hz) 
'H  NMR methylcinnamic acid (CDCiS) : 8  7.84 (IH, s, =CH), 7.35-7.45 (5H, m, 
aromatic), 2.16 (3H, s, -CH,) *H NMR hydromethylcinnamic acid (CDCI3) : 8
7.35-7.45 (5H, m, aromatic), 3.05 (IH, dd, -CH-, J  12.9 & 5.9 Hz), 2.59-2.73 (2H, m, 
-CH2-), 1.13 (3H, d, -CHs, J6.7 Hz) ‘H NMR methylsuccinic acid (CD3OD) : 8  
2.69-2.76 (IH, m, -CH-), 2.53 (IH, dd, -CH2-, J  15.3 & 8.7 Hz), 2.33 (IH, dd, -CH;-, 
J  15.3 & 4.8 Hz), 1.17 (3H, d, -CH;, J1.5  Hz) 'H  NMR dimethyl methylsuccinate 
(CDCb) : 8  3.56 (3H, s, CO2CH3), 3,54 (3H, s, CO2CH3), 2.80 (IH, m, -CH-), 2.60 
(IH, dd, -CH2-, J  16.8 & 8.1 Hz), 2.28 (IH, dd, -CH2-, J  16.5 & 6.0 Hz), 1.09 (3H, d.
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-CHs, y  6.9 Hz) H NMR hydrophenyl cinnamic acid (CDCb) : 8 7.08-7.36 (lOH, 
aromatic), 3.85 (IH, dd, -CH-, J 8.2 & 7.2 Hz), 3.40 (IH, dd, -CH2-, J  13.8 & 8.4 
Hz), 3.03 (IH, dd, -CH2 -, J  13.8 & 8.4 Hz)
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Chapter 5
Hydrogen Transfer 
Hydrogenation under Microwave
Irradiation
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5.1 Introduction
Since the mid 1980’s, the chemical industry has seen a rapidly growing trend towards 
the use of microwave technology '^^. The use of microwave heating has served to 
accelerate many reactions to such an extent, that reaction times are often counted in 
seconds. Such benefits were obviously greeted with great interest, and the use of 
microwaves has escalated over the last decade '^®, with the publication of several 
reviews^’®. But it has not been without its share of initial problems where explosions 
and rupturing of reaction vessels were not uncommon. However these diflSculties were 
soon overcome and microwave equipment has been further improved, such that 
microwave heating has become widely accepted in both the laboratory and in larger 
scale industrial environments.
Heating is of course only one small application of microwave technology, which also 
has wide scale use in the telecommunications industry and for radar^. The microwave 
band lies between the infra red and the radio regions of the electromagnetic spectrum, 
with wavelengths from 1cm to Im (30 GHz to 300 MHz). Radar actually accounts for 
the microwave region 1-25 cm, with the rest devoted to telecommunications. Due to 
the possible conflict in the use of microwaves, by international convention several 
frequency bands have been set aside for industrial and scientific heating applications. 
These bands correspond to the frequencies, 915+25 MHz, 2450+13 MHz, 5800+75 
MHz and 22125+125 MHz, although only 2450 MHz is usually selected as the 
operating frequency for domestic heating equipment.
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5.1.1 Mechanism of Microwave Heating
Conventional heating requires energy to be transferred by conduction and convection, 
whereas microwave heating is achieved by dielectric loss. The efficiency of energy 
transfer in microwave heating is therefore dependent on the dielectric properties of the 
material. It is commonly thought that the frequency of domestic microwaves 
corresponds to a resonance frequency of the water molecule, which of course is not 
true. If such a frequency was used, then heating would be restricted to merely the 
surface of the object being heated.
Microwave energy, can be dissipated by two mechanisms, dipole rotation and ionic 
conduction. Energy transfer by dipole rotation refers to the alignment of the permanent 
or induced dipoles of molecules, with the electric field component of the radiation. If 
the microwaves operate at 2450 MHz, the field oscillates at 4.9 x 10^  times a second 
and agitation of the molecules generates heat. The efficiency of heat transfer from 
dipole rotation will depend on the dielectric relaxation time, which in turn will depend 
on the temperature and viscosity of the sample. The second way in which energy is 
transferred is by ionic conduction, which refers to the migration of dissolved ions with 
the oscillating electric field. In this case heat is produced by frictional loss, which in 
turn will depend on the size, charge, conductivity and also the interaction of the ions 
with the solvent.
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Due to the nature of energy transfer using microwaves, compounds with high dielectric 
constants heat more efficiently. In general polar compounds are heated readily and so 
liquids such as alcohol, acetonitrile, DMSO, DMF and water make good microwave 
solvents. In contrast less polar compounds or compounds with no net dipole, such as 
hydrocarbons and crystalline solids, are heated poorly under microwave irradiation.
For instance ice is transparent to microwaves, whereas water is heated very strongly. 
Glass and teflon are also transparent to microwaves and both materials are widely 
employed for microwave reaction vessels.
5.1.2 Superheating Effects
Many experiments performed under microwave conditions have shown accelerated 
rates of reaction, when carried out in closed vessels. Many groups concluded that 
superheating accounts for the observed increases in rates. However reactions carried 
out at atmospheric pressures often show similar reaction rate increases, which led 
others to infer that microwave radiation has some intrinsic activating effect on the 
molecules themselves^’^ °. This is still an area of some controversy and it has been 
argued that these effects can be explained by increased reaction temperature alone^'^\
Westaway and Gedye^ recently looked at four reported reactions where specific 
activation by microwaves was suggested. They concluded that their findings were 
unfounded and the results could all be attributed to increased reaction temperatures. 
Baghurst and Mingos^  ^have also addressed this issue and looked at the microwave
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heating of solvents. Recent developments in microwave technology have allowed the 
direct measure of reaction temperatures and Baghurst and Mingos^  ^were able to use 
fibre optics to measure temperature in four parts of a round bottomed fiask. They 
have established that organic solvents in a microwave cavity will superheat by 13-26°C 
above their conventional boiling points.
In order to understand the mechanism of superheating it is first necessary to look at the 
way boiling occurs from conventional heating. With the latter, pits and scratches on the 
surface of the vessel allow bubbles to form, by the trapping of vapour. Bubble growth 
occurs by evaporation around the bubble due to superheating of the surrounding liquid 
layer. This can only arise from the localised energy supplied to the walls of the vessel 
by an oil bath or heating mantle. Eventually the forces holding the bubble are overcome 
and the bubble is released from the cavity giving rise to boiling.
In microwave heating the mechanism is almost reversed, as the walls of the fiask are 
continuously cooled by convective air flow. Thus under microwave conditions the bulk 
solvent must reach a sufficiently high temperature to allow the layer of liquid adjacent 
to the wall of the vessel to reach the nucléation point and so permit bubbles to form. 
The temperature the bulk solvent must reach is referred to as the ‘nucléation limited 
boiling point’ (NLBP). To a large extent the NLBP is dependent on the wetting 
behaviour of the solvent. Organic solvents wet the surface well, so reducing the 
vapour trapping/retention capabilities. Consequently organic solvents will have high 
NLPB and this will give rise to much higher reaction temperatures.
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5.1.3 Microwave Equipment
In the last few years interest in microwaves has grown exponentially and many 
commercial microwave systems and reaction vessels have been developed. Before the 
development of these specialised microwaves, many ovens and vessels were specially 
modified and developed by specific research groups^’^ ’^^ '^ . The use of domestic 
microwaves has become quite commonplace but these were never meant for use in the 
laboratory and have several shortcomings. Most importantly they are not expected to 
contain explosions, nor are they designed to handle corrosive or flammable 
compounds. They are also not equipped with any temperature monitoring and often 
reaction conditions are not reproducible. They are also at danger of being damaged 
from their own radiation if insufficient material is heated and often a beaker of water or 
a similar absorber must be added to the microwave in addition to the sample.
Another important aspect of domestic microwaves is the fact they work at only one 
power setting and rely on duty cycles where the power is switched on and off after set 
intervals (pulse wave). These vary depending on the microwave setting but can be 
many seconds and lead to poor temperature control. This has led to the design of 
several purpose built commercial systems which have incorporated many 
improvements. These microwave instruments are solidly constructed and can 
incorporate both temperature and pressure sensors. They are also usually equipped 
with a continuous wave function, as opposed to most domestic ovens which operate by 
pulse wave only. The continuous wave allows for uniform irradiation for designated . 
time periods, or until a pre-set temperature or pressure limit has been reached.
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Reaction vessels normally come under two categories, open or closed systems. Closed 
systems are obviously more hazardous and for this reason the vessels in domestic 
ovens are routinely placed in a beaker of vermiculite to absorb the contents in the event 
of an explosion. Many of these vessels have been developed to individual needs, but in 
general most are made from durable microwave transparent material such as teflon. 
Alternatively complete commercial systems are available and these come equipped with 
vessels manufactured from high performance polymeric composite materials which can 
be used at high pressures and temperatures. These are usually equipped with pressure 
and temperature sensors, but for added safety a burstable membrane or pressure 
release valve is also incorporated. Unfortunately the range of commercially available 
microwave^ is still quite limited and they are expensive to purchase.
5.1.4 Microwave Enhanced Reactions
Microwaves have been employed in a wide range of applications from drying samples 
to acid digestions and there is a growing interest in the use of microwaves for organic 
synthesis. Reagents can be heated directly in microwaves and some solvent free 
techniques have also been developed, which includes reactions performed in dry media 
with solid mineral supports^. A more versatile approach is the use of a polar high- 
boiling point solvent such as DMSO, DMF or ethylene glycol. This method has been 
developed by Bose et and uses open vessels in domestic microwaves. Bose 
christened it ‘Microwave-Organic Reaction Enhancement’ (MORE) and he has 
successfully applied this technique to a wide range of organic reactions.
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Microwaves are beginning to find use in labelling applications and Koves^  ^recently 
published a paper on the accelerated acid catalysed exchange of aromatic protons by 
microwave irradiation. Using deuterated acids he was able to exchange the aromatic 
protons on a series of compounds and under microwave irradiation reaction times were 
reduced from days to minutes. Furthermore the labelled products were also reported to 
be cleaner. Exchange reactions often involve long reaction times at high temperatures 
and extensive decomposition of the products is not uncommon. Clearly microwave 
heating has proved to be very beneficial under these circumstances.
Several groups have also investigated the hydrogen transfer hydrogenation of 
substrates using formic acid or formate salts. Bose^  ^was first to report the reduction of 
a-vinyl-|3-lactams (195) in ethylene glycol using Pd/C (10%) and ammonium formate. 
The experiments were performed in a domestic microwave oven and he reported the 
reaction to be complete in less than 45 secs with a temperature of around 110°C.
Under these conditions both the hydrogenation of the double bond and cleavage of the 
benzylic C-N bond (196) were observed (fig 5.1a).
OCH
195
NH4 O2 CH 
Pd/C (10%)
-►
ethylene glycol 
45 secs
OCH
196
fig 5.1a
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In a further paper Bose^  ^looked at the rapid hydrogenation of closely related 
compounds (197), using Raney nickel as the catalyst. As before he performed the 
reactions in ethylene glycol and used ammonium formate as the hydrogen source. 
However hydrogenation of the unsaturated carbon-carbon bond was achieved without 
cleavage of the C-N bond (198) (fig 5. lb).
o ^ \
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 ^
ethylene glycol
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fig 5.1b
Further use of domestic microwave ovens was made by Dayal et al^ ®, who investigated 
the transfer hydrogenation of various sterols and bile alcohols using microwaves. They 
described a simple hydrogenation procedure using Pd/C in dichloromethane/glycol 
solvents and in the presence of ammonium formate. In one example Sp-cholestane- 
3a,7a,12a-triol (199) was obtained fi-om 5p-cholest-24-ene-3a,7a,12a-triol (200) in 
95 % yield after heating in the microwave for 4 minutes (fig 5.1c).
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fig 5.1c
A domestic microwave was also successfully used in the catalytic transfer 
hydrogenation of benzaldehyde (201) by Gordon et al^ '^ . They utilised a ruthenium 
catalyst and formic acid to reduce the benzaldehyde (201) to the benzyl alcohol (202); 
however due to an excess of formic acid being used a secondary estérification reaction
oF
was also observed resulting in the formation benzyl formate (203) (fig 5. Id). TheA
reaction was initially studied in a thermal field by conventional use of a heating mantle 
and the reaction mixture was refluxed for 3 hours. The experiment was then 
subsequently performed in a domestic microwave with a sealed teflon reaction vessel. 
Heating times were reduced to around 7 mins, which corresponds to an improvement 
in the catalytic activity from 280 to 6700 turnovers/h.
o RuHa(CO)(PPli3)3
H + HO2CH
201
2 OH + CO2
202
HO2CH
fig S.ld
+ H2O
203
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Koloini et also looked at the kinetics of Soybean Oil transfer hydrogenation in both 
microwave and thermal fields at comparable temperatures. Instead of formic acid, 
sodium formate was used with Pd/C in aqueous conditions. In their study they found a 
significant increase in the rate of reaction with the microwave field. They concluded 
that the reaction mechanism was the same for conventional and microwave heating, yet 
as the bulk temperatures were equivalent the rate enhancement could not be attributed 
to pressure and temperature effects alone. It was suggested that microwave heating 
may assist the transport process at the catalyst and oil-water interfaces.
5.2 Microwave Enhanced Transfer Hydrogenation Using Formates
5.2.1 Experimental Procedure and Apparatus
In order to perform our own labelling studies using formate salts, it was first necessary 
to develop a safe and reliable microwave procedure. We were restricted to performing 
the reactions on a small scale to minimise the risk of an explosion, which was 
particularly important because we were using a domestic microwave oven. 
Furthermore we also required a closed system to prevent ingress of ak and moisture 
into the reaction and also to prevent solvents damaging the microwave oven. 
Fortunately we had already developed a suitable reaction vessel, which was used in 
previous experiments carried out under thermal conditions (fig 5.2a).
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fig 5.2a
The reaction flask consisted of a pear shaped flask (-25 ml) to which was fitted a 
thermometer adaptor. This was modified by removal of the gland and fitting of a 
septum, which enabled the flask to be evacuated. The thermometer adaptor was held in 
place by a plastic quickfit clip. This allowed the reaction fiask to build up small 
pressures, but would give way if the pressure became too high.
After the reagents had been added to the reaction fiask, it was placed in a beaker of 
vermiculite which serves two purposes. The veimiculite absorbs the microwaves and 
helps to heat the fiask, it also acts to contain the contents of the flask in case of an 
explosion. The beaker was then placed centrally onto the microwave turntable, 
together with a beaker of water (25 ml). As the samples being heating are quite small 
( -  0.5ml) water is added to absorb some of the microwaves and avoid causing damage 
to the microwave oven. Although in general experiments performed in a domestic 
microwave are not very reproducible, care was taken to keep the conditions constant.
189.
Experiments were carried out using a 750 Watt domestic oven (Matsui Ml 67 BT) on 
the lowest power setting 150 Watts (20 %) (lower power settings are often described 
by a lower wattage i.e. 20 % power =150 Watts, however domestic microwaves 
actually have a fixed power rating and work on a duty cycle). Microwave heating times 
varied between 1 -4  mins, however if longer total reaction time was required heating 
was performed in stages with time for cooling in between stages. It is also important 
not to disturb the flask immediately after in adiation, as heating can continue in the 
reaction mixture. Care must also be taken when opening the flask in case pressure has 
built up during the reaction.
5.2.2 Microwave Enhanced Transfer Hydrogenation of a-Methylcinnamic Acid
We have previously investigated the hydrogen transfer hydrogenation of trans-a- 
methylcinnamic acid (58) using Wilkinson’s catalyst and ammonium formate, under 
conventional heating. This study was continued, to include the effects of microwave 
heating. Because we were using a domestic microwave oven we were not able to 
monitor or control the reaction temperature, however the reactions were performed 
using the same ratios of catalyst, substrate and formate and so were otherwise identical 
to those performed in Chapter 4 (fig 5.2b). As before the ratio of reduced a-methyl 
hydrocinnamic acid (154) to unreacted /r«?7*s-a-methylcinnamic acid (58) was 
determined by NMR spectroscopy.
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58
100  mg
Rh(PPh3)3Cl 5 mg 
NH4O2CH 10 0  mg
 »-
DMSO 0.5 ml 
H2O 0.05ml 
MW low power (2 0 %)
CH
154
fig 5.2b
The results clearly showed that dramatic increases in the rate of transfer hydrogenation 
could be achieved under microwave conditions (graph 5.2a). It was also found that 
because the reactions were so rapid no special care was needed to exclude oxygen 
from the reaction vessel. In a further study we performed the same reaction with a 
fixed microwave heating time of two minutes, but varied the amount of catalyst (graph 
5.2b). This showed a reasonably linear relationship between both the concentration of 
catalyst and proportion of reduced a-methylhydrocinnamic acid (154). By using a 
substrate to catalyst ratio of 40; 1 (by mole) for example, we were able to achieve a 72 
% yield in a reaction time of only 2 minutes.
Fortunately DMSO has proven to be an excellent microwave solvent and very high 
yields could be achieved after heating for very short periods of time. We also decided 
to investigate two further reaction solvents, ethanol and DMF (graph 5.2c). However 
these solvents both gave very poor results by comparison to DMSO. These poor 
results are not unexpected particularly for ethanol, which has a low boiling point. DMF 
has a much higher boiling point, however the solubility of formates in this solvent is 
low.
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Graph 5.2a : Hydrogenation of Methylcinnamic Acid with Ammonium Formate
and Wilkinson’s Catalyst under Thermal and Microwave
Conditions.
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Graph 5.2b : Hydrogenation of Methylcinnamic Acid under Microwave
Conditions with varying amounts of Wilkinson’s Catalyst
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Graph 5,2c ; Hydrogenation of Methylcinnamic Acid under Microwave
Conditions with Different Solvents
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5.2.3 Hydrogenation of Methylcinnamic Acid Using Wilkinson’s Catalyst and the
Formic Acid / TMEDA salt
We described in Chapter 4 the synthesis and use of a salt from formic acid and 
TMEDA. Part of the initial reason for making this salt was to improve the solubility of 
formates in organic solvents, but we still wanted the convenience of a high melting 
point solid. Under thermal conditions we found the salt gave excellent results when 
used in DMSO, however in less polar organic solvents such as toluene and 
chlorobenzene virtually no hydrogenation was observed. In an extension to this study 
we investigated similar reactions under microwave conditions, and these have given, by 
contrast, quite surprising results.
The hydrogenation of /ra«5-a-methylcinnamic acid (58) was again investigated, with 
the protonated formic acid / TMEDA salt in DMSO, chloroform, toluene and 
chlorobenzene (fig 5.2c). Each experiment involved irradiation in a microwave for 2 
minutes at low power 20 % (150 Watts). Not surprisingly the reaction in DMSO gave 
a high ratio of the reduced a-methylhydrocinnamic acid (154) Some hydrogenation 
was also observed in each of the other three solvents (Table 5.2a), but the ratios of a- 
methylhydrocinnamic acid (154) were somewhat lower, particularly for chloroform. 
This is not surprising when we consider the low dielectric constants of these three 
solvents and the low boiling points, especially in the case of chloroform. It is possible 
that the majority of the microwave radiation is actually absorbed by the substrate and 
formate rather than the organic solvent.
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fig 5.2c
Table 5.2a : Hydrogenation of a-metliylcinnamic acid using formic acid / 
TMEDA under Microwave Conditions
Weight of 
substrate (mg)
Weight of 
catalyst (mg)
Weight of 
formate (mg)
Solvent Reaction 
Time (min)
Product 
Ratio (%)
100 9.0 100 C H C I 3 2.00 0.5
100 9.0 100 chlorobenzene 2.00 11
100 9.0 100 toluene 2.00 24
100 9.0 100 DMSO 2.00 77
100 15.0 100 DMSO 2.00 93
Following the studies with the protonated salts we next tried the deuterated formic 
acid / TMEDA salt analogue (fig 5.2d). The reaction was initially carried out in DMSO 
and the labelled a-methylhydrocinnamic acid product (154) was isolated in good yield 
(Table 5.2b). The ^HNMR (^H decoupled) spectmm showed extensive exchange into 
the methyl group. We then performed the same reaction using toluene and 
chlorobenzene. As expected the labelled product was isolated in much lower yields, but 
interestingly the NMR spectrum showed that the label had added only across the 
double bond with no exchange into the methyl group.
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Table 5,2b : Hydrogenation of a-methylcinnamic acid using deuterated formic 
acid / TMEDA under Microwave Conditions
Weight of 
substrate (mg)
Weight of 
catalyst (mg)
Weight of 
formate (mg)
Solvent Reaction 
Time (min)
Yield
(%)
100 15.0 100 DMSO 1.00 49
100 15.0 100 DMSO 2.00 95
100 15.0 100 toluene 2.00 25
100 15.0 100 chlorobenzene 2.00 40
We loiow from previous experiments with Wilkinson’s catalyst and molecular 
deuterium that toluene acts as an inhibitor of isomérisation. This also appears to be the 
case in transfer hydrogenation, where both toluene and chlorobenzene are preventing 
the isomérisation of the trans-a-methylcinnamic acid (58) and thus no labelling of the 
methyl group is observed. However of greater interest is the fact we actually observe 
hydrogenation with these solvents under microwave irradiation, which is not the case 
under thermal conditions. Clearly the ability to use a wider range of solvents under 
microwave irradiation will add to the versatility of this labelling method.
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NMR ( H decoupled) spectrum of d2-a-methylhydrocinnamic acid from dz-
formic acid / TMEDA in DMSO (C H C I3)
G PPM '5
H NMR ( H decoupled) spectrum of dz-a-methylhydrociiinamic acid from dz- 
formic acid / TMEDA in toluene (CHCI3)
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5.2.4 Hydrogenation of ^ rans-Cinnamic Acid Using Formate Salts
We have investigated the hydrogen transfer hydrogenation of /ra«5-cinnamic acid (57) 
under thermal conditions with Wilkinson’s catalyst in DMSO. This led to the 
observation of regioselectivity when using either KO2 CD/H2 O or KO2CH/D2 O. These 
reactions were repeated under microwave conditions and it was found that the results 
could be successfully reproduced without any loss in selectivity. Furthermore very high 
yields could be achieved in very short reaction times (fig 5.2e).
KO2 GD or KO2 CH 65 mg H/D CO TT
D2 O orH2 0  0 . 1  ml  ^H /D
c o ,n
57
DMSO 0.4 ml
H
Rh(PPh3 )3 Cl 10 mg 1 5 5
50 mg MW low power 2 mins yield ~ 91 - 93 %
fig 5.2e
The possibility of performing the hydrogenation of cinnamic acid under aqueous 
conditions was also explored. Unfortunately we were not able to use Wilkinson’s 
complex to catalyse the reaction because it is insoluble under aqueous conditions. We 
therefore employed RhCls as a possible catalyst, which might also give rise to similar 
selectivity. The reaction was performed in D2 O using KO2 CD or KO2 CH and irradiated 
for 2 mins at low power (fig 5.2f). The labelled products were isolated in 30 - 33 % 
yield, however no selectivity was observed when using D2O/KO2 CH.
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D2 O 0.5 ml 
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H NMR ( H decoupled) spectrum of hydrociniiamic acid from KO2CH/D2O 
using RI1CI3 (CHCI3)
We observed that the initial reaction mixture was a dark red solution but upon further 
heating the formation of a black precipitate occurred. Rhodium (III) species have been 
reported as hydrogenation catalysts but the formation of a black precipitate suggests 
the catalyst undergoes decomposition, possibly by reduction to metallic rhodium which 
in itself might show catalytic properties. Therefore the exact nature of the catalytic 
hydrogenation mechanism remains unclear.
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5.2.5 Hydrogenation of Unsaturated Acids in Aqueous Media
Following the hydrogenation of cinnamic acid using RhCls we decided to extend this 
study to include some further substrates. We chose several unsaturated acids which are 
soluble or partially soluble under warm aqueous conditions. RhCls is a well known 
exchange catalyst for aromatic protons, however no significant exchange was observed 
in the aromatic rings of cinnamic or methylcinnamic acid. It is also known that when 
used as an exchange catalyst, the RhCls will decompose at temperatures in excess of 
120°C. Although we were using water as the solvent, superheating is likely and the 
reaction temperature under microwave irradiation may come close to the 
decomposition temperature. Nevertheless we used a reaction time of five minutes, 
despite the formation of a black precipitate. The study was also extended to include 
RuCls, IrCla and Pd/C as possible catalysts. The latter, being heterogeneous, was not 
expected to give high yields as we had no facility to stir or agitate the reaction flask 
and relied only on convection currents within the reaction mixture itself. The reactions 
were performed in D2 O (0.5 ml) and KO2 CD (100 mg) was employed as the hydrogen 
source. Analysis was performed by and NMR spectrometry (fig 5.2g).
KO2 CD 1 0 0  mg 
D2 O 0.5 mlsubstrate ------------------------------^  products
1 0 0  mg ^ ^ * 3  or Pd/C 15 mg
(M = Rh, Ir or Ru)
MW low power 5 mins 
fig 5.2g
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Table 5.2c : Hydrogenation of Selected Substrates Under Aqueous Conditions
Substrate Catalyst Product Yield (%)
cinnamic acid RhCls hydrocinnamic acid 50
methylcinnamic acid RhCls methylhydrocinnamic acid 30
cinnamamide RhCls hydrocinnamamide 28
maleic acid RhCls succinic acid 52
maleic acid RuCls succinic acid trace
maleic acid IrCls succinic acid trace
maleic acid Pd/C succinic acid 30
It could be clearly seen from these studies that both RuCls and IrCb were poor 
hydrogenation catalysts. It was noted however that the formation of a black precipitate 
was not observed, but this is clearly seen in the case ofRhClg. Microwave experiments 
with Pd/C also gave quite reasonable yields, despite not being able to stir or agitate the 
reaction. In a further experiment we also successfully hydrogenated frawj-cinnamamide 
(204) using RhCls in ethanol (fig 5.2h). In protic conditions we achieved a yield of 22 
% after heating for 2 mins. Unfortunately due to the choice of solvent, we were 
restricted to only short heating times.
NH
204
35 mg
KO2 CH 50 mg 
RI1O 3  35 mg
 » .
Eton 0.5 ml
MW low power 2mins 
fig 5.2h
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205
yield = 2 2  %
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5.2.6 Hydrogenation of Cinnamyl Alcohol using Formate Salts
In a series of experiments we have investigated the hydrogenation of cinnamyl alcohol 
(215) using formate salts and Wilkinson’s catalyst and as with previous substrates, 
interesting labelling patterns were obseiwed. Hydrogenation of cinnamyl alcohol (215) 
affords the l-phenylpropan-3-ol (216) product, however characterisation is 
complicated by the possible isomérisation and tautomérisation to l-phenylpropan-3-al
(214) As isomérisation can only occur in the presence of the active catalyst, this also 
gives rise to labelled cinnamyl alcohol (215) (fig 5.2i).
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Hydrogenation o f  cinnamyl alcohol using potassium formate
The hydrogenation of cinnamyl alcohol was initially investigated using potassium 
formate as the hydrogen source and DMSO as the reaction solvent. In a similar fashion 
to previous thermal studies, different combinations of protonated or deuterated 
formates and water were used (fig 5.2j). Each reaction was irradiated at low power for 
2 minutes and then ^H and ^H NMR spectroscopy was performed on the crude reaction 
mixtures. This showed the presence of labelled cinnamyl alcohol starting material
(215), the fully hydrogenated l-phenylpropan-3-ol product (216) and also the minor 1- 
phenylpropan-3-al isomérisation product (214) (Table 5.2d).
Rh(PPh3) ja  15 mg 
KO^CHorKOjCD 100 mg
H
HjO or DjO 0.05 ml D/HH-
215 
100 mg
DMSO 0.5 ml 
MW low power 2 mins
flg5.2j
yk-OH D jLnA — A n" COT  ^ 1Ô
216 214
Table 5.2d : Distribution of Labelled Products from the Hydrogenation of
cinnamyl alcohol using formate salts as Determined by H NMR
Hydrogen source cinnamyl alcohol 
(%)
1 -phenylpropan-3-ol 
(%)
1 -phenylpropan-3 -al 
(%)
KO2C D /D 2 O 48 41 11
KO2C D /H 2 O 52 44 8
KO2 C H /D 2 O 45 46 9
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H NMR ( H decoupled) spectrum of di-l-phenylpropan-S-ol (CHCI3)
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H NMR ( H decoupled) spectrum of crude cinnamyl alcohol hydrogenation 
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é
H NMR ( H decoupled) spectrum of crude cinnamyl alcohol hydrogenation 
products from KO2CH/D2O (CHCI3)
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We have shown that for hydrogen transfer reactions under both thermal and 
microwave conditions only a small amount of solvent is required. This is particularly 
important for microwave experiments where the metal catalyst must be covered in a 
solvent or rapid heating of the metal ensues and sparking is obseiwed. The solvent is 
also required to dissolve the catalyst, substrate and formate. However as cinnamyl 
alcohol (215) is a reasonably polar substrate but also has a low melting point, we 
decided to explore the possibility of performing the hydrogenation without a solvent. 
Using a similar amount of substrate we performed two experiments, one using KO2 CD 
and D2 O as the hydrogen source and one with only KO2 CD (fig 5.2k). In both 
experiments extensive exchange into the cinnamyl alcohol (215) was observed and the 
labelled aldehyde isomérisation product (214) was isolated in high yields compared to 
the 1 -phenylpropan-3 -ol product (216).
H CHjOH
o r -
215
1 0 0  mg
WD
-OHD/HRh(PH»3 )3 a  15 mg
H/D +-*■
MRh(PPh3 )3 a  15 m©
214216
a) KOjCD 1 0 0  mg 
D2 O 0.05 nil 9% 21 %
b) KO2 CD 1 0 0  mg 8 % 34%
fig 5.2k
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Hydrogenation of cinnamyl acohol usitijg d^-fbrmic acid / TMEDA salt
The hydrogenation of cinnamyl alcohol (215) with potassium formate in DMSO gaye 
poor yields of the hydrogenated alcohol and significant isomérisation products. We 
therefore decided to compare the same reactions using the dz-fbrmic acid / TMEDA 
salt as used in previous studies. We performed two reactions using DMSO and 
chlorobenzene as the reaction solvent and the d2 -formic acid / TMEDA salt was added 
in an equivalent molar ratio to the potassium formate (fig 5.21). The same reaction time 
was also used in order to keep conditions as similar as possible.
H
Q
CH2 OH
e
215
1 0 0  mg
216
Rh(PPh3)3Cl 15 
(CH3)2N(CH2)2N(CH3)2.2D02CD
DMSO 0.5 ml 
MW low power 2  mins
a) DMSO yield = 98%
b) cldorobenzcne yield = 74%
fig 5.21
Upon analysis of both reactions, it was found that d2 -1 -phenylpropan-3 -ol (216) was 
formed in high yields with no detectable amounts of the aldehyde (214). Clearly the 
reaction in DMSO showed the highest yield, as would be expected. The (^H 
decoupled) NMR spectra also showed only small amounts of deuterium exchange in 
the product, compared to the previous reactions performed with potassium formate.
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H NMR ( H decoupled) spectrum of dz-l-pheuylpropan-S-ol from DMSO
(CHCI3)
PPM è T 3 é ............1 0
NMR ( H decoupled) spectrum of dz-l-phenylpropan-S-ol from chlorobenzene 
(CHCb)
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5.2.7 Hydrogenation of 4-/-butylstyrene using formate salts
To date we have investigated transfer hydrogenation on substrates which have polar 
functional groups and hence good solubility in polar solvents. We therefore wanted to 
investigate a much less polar substrate and 4-^-butylstyrene (217) was selected as a 
suitable candidate (fig 5.2m). Initial experiments showed that good yields could be 
obtained when DMSO was employed as the solvent and ammonium formate / D2 O was 
the hydrogen source.
DMSO 0.4 ml 
D2 O 0.05ml 
Rh(PPÜ3 )3 Cl 7 mg
217
NH4 O2 CH 8.5 - 6 8  mg 
MW low power 2 mins
(CH3)3 218
80 mg
fig 5.2m
Table 5.2e : Hydrogenation of t-Butylstyrene using Different Ratios of Formate
Weight of ammonium 
formate (mg)
Substrate : Formate 
mol ratio
Yield (%)
8.5 1 : 0.25 23
17 1 : 0.5 45
34 1 : 1 82
68 1 : 2 88
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The study was extended to include the effect of altering the substrate / formate ratio 
and seeing what influence this had on the yields and labelling pattern. The and 
NMR spectra were recorded for the crude reaction mixtures before the 4-/- 
butylphenylethane product (218) was isolated. As expected, the reactions with 
substrate : formate ratios of 1 : 0.25 and 1 : 0.5 gave incomplete reduction and the 
NMR spectra of the crude reaction mixture showed extensive deuterium exchange into 
the starting material (217) together with the di-4-r-butylphenylethane product (218). 
As in subsequent reactions, most of the 4-^-butylstyrene (217) was consumed, the 
NMR spectra gave only two peaks corresponding to the fully reduced di-4-/- 
butylphenylethane product (218)
H NMR ( H decoupled) spectrum of the products from 4-r‘-butylstyrene 
hydrogenation (substrate : formate = 1 : 0.25) (CHO 3)
\iViyi¥vJWVA^
10 ’ 9 8 7 ' 6 PPM 5...............4 ................3
204
H NMR ( H decoupled) spectrum of the products from 4-^-butylstyrene
hydrogenation (substrate : formate = 1  : 0.5) (CHCI3)
H NMR ( H decoupled) spectrum of the products from 4-^-butylstyrene 
hydrogenation (substrate : formate = 1 : 1 ) (CHCI3)
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5.3 Discussion
5.3.1 Transfer Hydrogenation Under Microwave Irradiation
Clearly microwave irradiation offers many advantages over conventional heating. This 
is particularly evident when we consider reactions of Wilkinson’s catalyst, where 
experiments have shown that the rate of hydrogen transfer hydrogenation can be 
greatly enhanced. Furthermore because the reactions are so fast, the experiments do 
not need to be performed under an inert atmosphere such as nitrogen. The use of 
microwave enhancement may be important in the synthesis of thermally unstable 
compounds where the shorter reactions times involved with microwaves could lead to 
cleaner reactions. This technology may also find important application in the synthesis 
of compounds labelled with short lived radioisotopes, where minimal preparation times 
are essential.
The observed enhancement in the rates can probably be explained by superheating of 
the reaction solvent, especially as the reactions are performed in a closed vessel, where 
small pressures may be generated. Unfortunately we were unable to directly quantify 
the effects of microwave heating when using a domestic microwave oven. Commercial 
systems do allow the control of both temperature and pressure within the reaction 
vessels. It appears from these studies that the mechanisms operating under microwave 
conditions appear to be similar to those seen under thermal conditions, such as for the 
hydrogenation of cinnamic acid with KO2 CD/H2 O or KO2 CH/D2 O, where we observe 
the same selectivity.
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5.3.2 Hydrogenation with di-formic acid / TMEDA salt in organic solvents
Another important obsei*vation, is the successful transfer hydrogenation of unsaturated 
substrates using the d2 -formic acid / TMEDA salt in organic solvents, such as toluene 
and chlorobenzene. Under thermal conditions the salt gave high yields in polar solvents 
such as DMSO but no hydrogenation was observed in less polar organic solvents. It 
was suggested earlier that in order for the hydrogenation to proceed the salt must be 
ionised to give free formate ions (fig 5.3a).
^CH3 DMSO
DCOi'+DNCH jCHilND+'O jC» ---------------- ». +DNCH3CH2ND+ + 2 "OjCD
H3 C CH3  H3 C CH3
fig 5.3a
We were somewhat surprised to see that the hydrogenation in organic solvents did 
proceed under microwave irradiation giving the reduced products in reasonable yields. 
Furthermore, considerably less isomérisation had occurred, than when the same 
experiments were perfoimed with metal formate salts. These findings are difficult to 
explain and we can not rule out the possibility that microwaves directly activate the 
reactants a point that has been argued in the literature^. However as it is likely that 
different environments exist in the thermally heated and microwave heated reactions, 
two further explanations can be proposed.
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It is common to obsei*ve superheating under microwave irradiation, particularly with 
polar solvents having high dielectric constants, such as DMSO. In general less polar 
organic solvents such as toluene are heated much less efficiently, nevertheless it may be 
possible to achieve superheating upon microwave irradiation. Thus hydrogenation may 
proceed at temperatures greater than the boiling point of the reaction solvent, which is 
the limiting temperature for reactions performed under thermal conditions. However as 
hydrogenation of /?'art5-a-methylcinnamic acid was observed in chloroform, albeit in 
low yields, it suggests that superheating may not be totally responsible for the 
successful hydrogenation of substrates in organic solvents.
We can perhaps propose another explanation based on experimental observations. It 
has been observed that after irradiation in a microwave a fair amount of solvent 
vaporises and condenses at the top of the reaction flask. As we use very small amounts 
of solvent (—0.5 ml), under the harsher conditions of microwave heating, a fair 
proportion of the solvent may end up at the top and on the edges of the reaction flask. 
This is also more likely when employing organic solvents with low boiling points. Thus 
as the reaction progresses and the organic solvent is gradually boiled off, the polarity 
of the remaining reaction mixture may increase significantly. Thus the formation of 
formate ions may be supported, allowing hydrogenation to proceed.
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5.4 Experimental
General Remarks : All NMR spectra were recorded using a Bruker AC-300E FT 
spectrometer operating at 300 MHz for ^H NMR and 46 MHz for ^H NMR 
spectroscopy. Chemical shift values are in parts per million (ppm) and referenced to 
tetramethylsilane unless otherwise stated. Microwave enhanced reactions were 
performed using a 750 Watt Matsui M167 BT domestic microwave oven.
Reagents : All reagents were purchased from Aldrich Chemical Co in greater than 
99.5 % purity and used without fiirther purification. The rhodium (III) chloride catalyst 
was obtained from M & G Chemicals. All solvents were AR quality or greater.
Preparation of Formic Acid / TMEDA Salt : The white crystalline salt was prepared 
from TMEDA and dz-fbrmic acid using the experimental procedure outlined in the 
previous chapter.
‘H NMR TMEDA (CDCb) : 8 2.38 (4H, s, -CH2-), 2.24 (12H, s, -CH3) NMR 
d:-formic acid (CHCI3) : 5 11.20 (IH, s, -CO2D), 8.09 (IH, s, -CD) ‘H NMR da- 
formic acid / TMEDA salt (CDCb) : 8 2.98 (4H, s, -Gi b-), 2.58 ( 12H, s, -CH3) 
NMR drformic acid / TMEDA salt (CHCb) : 8 12.65 (IH, s. -CO2D), 8.43 
(IH, s, -CD)
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General procedure for microwave enhanced hydrogenation ; The substrate (25 - 
100 mg), formate (20 - 100 mg) and RhCl(PPh3 ) 3  (5-15 mg) were weighed into a 25 
ml pear shaped flask. Solvent (0.5 ml) and water (50 - lOOpl) where required were 
then added to the reaction flask. The flask was equipped with a modified thermometer 
adaptor and the reaction was performed as described earlier in the chapter. After the 
reaction had cooled to room temperature, water was added ( - 1 0  ml) to the reaction 
mixture and the products were extracted by addition of chloroform (-  5 ml). The 
organic layer was then further washed with water before being dried over anhydrous 
magnesium sulphate. The organic layer was then passed through a small column of 
silica to remove the catalyst before the organic solvent was removed under a stream of 
nitrogen to leave the crude reaction products. Where it was necessary to isolate 
products, further flash chromatography was performed. Analysis of the products was 
then performed by and NMR spectroscopy [yield of product : dz-hydro-a- 
methylcinnamic acid 26-97 mg (25-95 %), di-hydrocinnamic acid 47-48 mg (91-93 %), 
dz-hydrocinnamic acid 15 mg (30 %), dz-1-phenylpropan-3-ol 76-101 mg (74-98 %), 
di-4-^-butylphenylethane 20-73 mg (23-88 %) aqueous reactions : dz-hydrocinnamic 
acid 51 mg (50 %), dz-a-methylhydrocinnamic acid 31 mg (30 %), dz- 
hydrocinnamamide 29 mg (28 %), dz-succinic acid 31-54 mg (30-52 %)] .
‘H NMR cinnamic acid (CDCb) : 8  7,87 (IH, d, =CH, J  15,9 Hz), 7.22-7.33 (5H, 
m, aromatic), 6.52 (IH, d, =CH ,J 15.9 Hz) *H NMR hydrocinnamic acid (CDCb)
: 8  7.15-7.27 (5H, m, aromatic), 2.88 (2 H, t, -CH2 -, J1.2  Hz), 2.54 (2H, t, -CH2 -, J
7.2 Hz) ‘H NMR methylcinnamic acid (CDCb) : 8  7.84 (IH, s, =CH), 7.35-7.45 
(5H, m, aromatic), 2.16 (3H, s, -CH3) *H NMR methylhydrocinnamic acid (CDCb)
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: a 7.35-7.45 (5H, m, aromatic), 3.05 (IH, dd, -CH-, J  12.9 & 5.9 Hz), 2.59-2.73 (2H, 
m, -CH2 -), 1.13 (3H, d, -CH3 , J6 .7  Hz) *H NMR maleic acid (CD3OD) : 6  6.31 
(2H, s, =CH) 'H  NMR succinic acid (CD3OD) : 8  2.56 (4H, s, -CH2 -) ‘H NMR 
cinnamamide (CDCI3) : ô 7.66 (IH, d, =CH, J  15.7 Hz), 7.36-7.60 (5H, m, 
aromatic), 6.47 (IH, d, =CH, J  15.7 Hz), 5.79 (2H, v. broad, NH;) ‘H NMR 
hydrocinnamamide (CDCb) : 8  7.20-7.31 (5H, m, aromatic), 6 . 0 2  (2 H, v. broad, 
NH;), 2.98 (2H, t, -CH2-, .77.5 Hz), 2.54 (2H, t, -CH2 -, .7 8.0 Hz) ‘H NMR cinnamyl 
alcohol (CDCI3) : 8  7.18-7.32 (5H, m, aromatic), 6.53 (IH, d, = C H ,715.9 Hz), 6.28 
(IH, dt, =CH, J  15.9 & 5.6 Hz), 4.22 (2H, d, -CH;-, J5 .7  Hz), 3.63 (IH, broad, OH) 
H NMR l-phenylpropan-3-ol (CDCI3) : 8  7.21-7.34 (5H, m, aromatic), 3.63 (2H, t, 
-CH2 -, y  6.5 Hz), 3.33 (IH, broad, OH), 2.66 (2H, t, -CH2 -, 78.2 Hz), 1.88 (2H, 
quintet, -CH;-, J 6 . 6  Hz) 'H  NMR l-phenylpropan-3-al (CDCI3) : 8  9.43 (IH, s, - 
CHO), 7.10-7.26 (5H, m, aromatic), 2.96 (2 H, t, -CH;-, /7 ,3  Hz), 2.77 (2H, t, -CH2 -, 
y  7.2 Hz) ’H NMR 4-r-butylstyrene (CDCI3) : 8  7.35 (2H, d, aromatic, y  5.3 Hz), 
7.25 (2H, d, aromatic, y  5.3 Hz), 6 . 6 8  (IH, dd, =CH, J  17.5 & 10.9 Hz), 5.70 (IH, dd, 
=CH, y 17.6 & 4.1 Hz), 5.19 (IH, dd, =CH, J  10.8 & 4.0 Hz) *H NMR4-t- 
biitylphenylethane (CDCI3) : 8  7.14 (2H, d, aromatic, J  8.2 Hz), 7.31 (2 H, d, J  6.4 
Hz), 2.61 (2H, q, -CH2 -, J1.5  Hz), 1.23 (3H, t, -CH3, y 7.6 Hz)
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Chapter 6
Tritiation of Selected Compounds
under Hydrogen Transfer
Conditions
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6.1 Hydrogenation of Unsaturated Compounds using Tritiated 
Formates and Water
6.1.1 Introduction
In previous chapters the use of deuterium labelled formic acid or deuterated formate 
salts and/or water, for the hydrogenation of alkenes under hydrogen transfer conditions 
has been described. The next logical step was to carry out similar studies with tritiated 
formate salts or tritiated water as the source of tritium. Although excellent labelling 
results have been achieved with dz-formic acid in the form of a salt with TMEDA, we 
have confined these initial studies to the use of tritiated metal formate salts and tritiated 
water. The labelled [^H]-potassium formate (KOzCT, 92.5 Gbq/mmol ; 2.5 Ci/mmol) 
which was used in our studies was prepared by Nycomed Amersham pic using a 
catalytic exchange method.
6.1.2 Hydrogenation of a,p-Unsaturated Carboxylic Acids
The hydrogen transfer hydrogenation of a,p-unsaturated carboxylic acids using 
deuterated formate salts or deuterated water has been previously discussed. With 
rra/7 5-cinnamic acid (57) we saw pronounced differences in the labelling patterns, 
although these were not so obvious with the corresponding a-substituted methyl (58) 
and phenylcinnamic (59) derivatives. The study was extended to include the use of 
tritiated foimate salts and tritiated water, in order to see if the labelling patterns could 
be reproduced (fig 6 .1 a).
216
H CO2H KO2H/KO2CT 28 mg
o r  "
R = H 57 50 mg
R = CH3  58 55 mg
R = Ph 59 75 mg
H2 O/HTO 0.025ml R
DMSO 0.5 ml 
Rh(PPh3)3 Cl 12.9 mg
30 mins 120"C
CO2 H
y— ^ B J T
fïg 6 .1 a
The products from each reaction were isolated and both the yield and radioactivity 
determined. Analysis of the products was then performed using and NMR 
spectroscopy. The reaction conditions were such that good yields were obtained for all 
three substrates, although, not surprisingly, the hindered a-methyl and phenyl 
substituted substrates were isolated in lower yields to hydrocinnamic acid. Interestingly 
the specific activities of all three tritiated products obtained when HTO was used as the 
tritium source, were found to be very similar. However we found that when using 
KO2 CT as the tritium source, the more hindered a-methyl and phenyl substituted 
substrates gave much lower specific activities. Furthermore in every reaction the 
specific activity of the products was much lower than the specific activity of the tritium 
source. This was not unexpected when using HTO, as dilution of the tritium label can 
arise from exchange of the acidic protons in the substrate. However the observation of 
much lower specific activities with KO2 CT is clearly indicative of exchange of the 
formate hydrogen / tritium. As methyl and phenylcinnamic acid are much harder to 
hydrogenate and thus the rate of reaction is much slower, then greater exchange of the 
formate hydrogen / tritium is possible.
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The rate of exchange of the formate hydrogen / tritium is likely to be accelerated at 
high temperatures, therefore some reactions were performed at a lower temperature 
for a longer period of time. The reactions gave lower yields of the hydrogenated 
product, however slightly higher specific activities were obtained. Clearly for hindered 
substrates a balance must be drawn between the rate of hydrogenation and the rate of 
hydrogen exchange, in order to obtain optimum conditions.
Analysis of the products by NMR spectroscopy showed tritium labelling patterns
that were consistent with patterns observed in earlier deuterium studies. Furthermore 
we are able to achieve good resolution of the product peaks, which is comparable to 
NMR spectroscopy. It was discussed in earlier chapters that the two methylene 
protons in the a-methyl hydrocinnamic acid product were non-equivalent, but as the 
NMR spectra had broad lines resolution of these two protons was not possible. 
However these methylene positions can clearly be resolved by NMR spectroscopy, 
and indeed the NMR (^H decoupled) spectra showed both methylene positions to 
be labelled, although not equally.
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NMR (‘H decoupled) spectrum of [^HLJ-liydrociniiamic acid produced using
K O 2C T  (C D C I3)
H NMR ( H decoupled) spectrum of fH]-hydrocinnamic acid produced using 
HTO (CDCI3)
220
H NMR ( H decoupled) spectrum of [^H]-a-methyIIiydrocinnamic acid
produced using K O 2C T  (C D C I3)
H NMR ( H decoupled) spectrum of [^H]-a-methylhydrociiiiiamic acid 
produced using HTO (CDCI3)
j L  II ]  I i i
221
H NMR ( H decoupled) spectrum of [^H]-(x-phenylhydrocinnamic acid
produced using KO 2CT (CDCI3)
H NMR ( H decoupled) spectrum of [^H]-a-phenylhydrocinnamic acid 
produced using HTO (CDCI3)
6 PPM 5
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6.1.3 Asymmetric Synthesis of Tritiated Amino Acids
It has already been demonstrated that relatively hindered a, p-unsaturated carboxylic 
acids such as ?^‘aw5-a-methyl and phenylcinnamic acid can be easily labelled using 
Wilkinson’s catalyst and tritiated formates or tritiated water. This methodology was 
extended to include the hydrogenation of the closely related amino acid precursors. 
Furthermore we also wanted to see if this technique could also be extended to 
asymmetric hydrogenation using optically active catalysts. Initially the hydrogenation 
of (Z)-a-acetylaminocinnamic acid (219) and (Z)-a-acetylamino-4-hydroxycinnamic 
acid (220) was performed using an optically active cationic rhodium catalyst and 
tritium gas. The rhodium complex, based on Osborn’s catalyst, was previously 
prepared with a chiral diphosphine ligand and coordinating diene, [Rh(NBD)(i^- 
PR0 PH0 S)]^C1 0 4 '. Hydrogenation of the precursors afforded the labelled N- 
acetylphenylalanine (221) and iV-acetyltyrosine (222) intermediates. The acetyl groups 
were then cleaved by refluxing in 6M HCl to give the amino acids, phenylalanine 
(223) and tyrosine (224) respectively (fig 6.1b).
10 a  T2
CO2H 
R NHCOCH3
[Rh(]NrBD)(R-PR0PH0S)]+a04- COîH CO2H
RCHT—
NHCOCH3 TEtOH
24 hiis R.T. (S) (R)
R = QHs 219 R = C6Bs 221 R^CgH^OH 222
R = CgH40H 220 reflux
■“5k« 6MHC1
,PPh2 / O 2H CQzH
/?-PROPHOS =
PPI12 R = C6Hs R = CgH40H 224
fig 6.1b
RCHT-O.,^  ^
223 NH,
(S)
T
(R)
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upon cleavage of the acetyl groups the amino acids were isolated and purified by 
HPLC. The optical and radiochemical purities were determined by radio-TLC. The 
radiochemical purity was determined using a cellulose plate and a solvent system of 
butan-l-ol : water : acetic acid (12 : 5 : 3). The optical purity was determined using a 
TLC plate coated with a reverse phase silica gel and impregnated with a chiral proline 
selector and copper (II) ions, which allowed the separation of the enantiomers. The 
solvent system chosen for the chiral plate was methanol : water : acetonitrile ( 5 : 5 :  
20). In each case the plates were spotted with the active material and also inactive 
markers. Each plate was then analysed using a radio-TLC scanner and the relative 
proportion of each isomer was determined by integrating the area under each peak. In 
both examples the major amino acid isomer was found to have the (S) configuration 
(fig 6.1c) and had a specific activity of 44 Ci / mmol (1.63 TBq /mmol).
CO^H
NHj
R = CfrB, 223
R = C|sH40H 224
(S)
fig 6.1c
Table 6.1b : Radio-TLC analysis of Labelled Amino Acids
amino acid % S isomer % R  isomer ee %
(S isomer)
Radiochemical 
Purity (%)
phenylalanine 94.8 5.2 89.6 95.2
tyrosine 94.6 5.4 89.2 97.0
224
H NMR ( H decoupled) spectrum of N-[2,3-^H]-phenylalaiiine (D2O)
H NMR ( H decoupled) spectrum of *S-[sidechain-2,3-^H]-tyrosine (D2O)
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Both «S'-phenylalanine (223) and <S'-tyrosine (224) were obtained in high optical purity, 
when using tritium gas and the rhodium catalyst, [Rh(NBD)(i?-PR0 PH0 S)]'^C1 0 4 '. We 
wanted to see if we could achieve similar optical selectivity under hydrogen transfer 
conditions using tritiated formates as the hydrogen source. We chose to investigate 
only (2)-a-acetylaminocinnamic acid and initially carried out the reaction using 
Wilkinson’s catalyst at 120°C and also under microwave conditions. The catalyst was 
then replaced by the cationic rhodium complex, [Rh(NBD)(i?-PR0 PH0 S)]^C1 0 4  and 
the reactions performed at three different temperatures. Upon completion of the 
hydrogenation, the inteimediates (221) were refluxed in 6M HCl to afford the labelled 
phenylalanine product (223) (fig 6.Id).
DMSO 0.5 ml ^COjH
H CO2 H H2 O/HTO 0.02 ml Phai(H/T)-—qui.Hyr
C=C^  ^ KOjCT/KO^CH 10.5 mg (fi) NHCOŒ 3
Pli' 'nHCOCHj -----------------------------------------------------------------------------------2 2 1
25 mg Rh(PPh3)3Cl 5.8 mg ^
219 PliCH(H/l)— A^'iNHCOCH)[Rh(NBD)(R PR0 PH0 S)l+C1 0 4 - 4.3 mg
substiute : formate : catalyst (1:1:  0.05)
6MHO
/CO2H yC02H)—C “
(R )
PhCH(HyT ^iiXH2  HiCH(H/T)—
(5) MI2
223
fig 6 .1 ( 1
226
I
III1
HIs
a
}
"3%!
%
4)«I*
\oI
a
cr 00 00 ON VOoo
O n ON
(S
NO NO
CS
<N
«0g
H CO
CO 8 <N
m
om
CO
I
B  aII
O'
227
H NMR spectrum of A^-[^H]-acetylphenylaIanine intermediate produced using 
KO2CT and Rh(PPh3)3 Cl (CD3OD)
Vo ' 9 8 ' 7 8 PPM é ' V  i  ' 2 ' T   -0
H NMR ( H decoupled) spectrum of A^-[^H]-acetylphenyIaIanine intermediate 
produced from KO2CT and Rh(PPh3)3CI (CD3OD)
i • t' i~ » I I 1 V r  I • I ■ ■ ■ •  m I j   ^ V I k * • j I f “k“ i I 1 I  ^ . . .
10 9 8 7 G PPM 5 4 3 2 1 -0
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H NMR spectrum of [^H]-phenylalanine produced from KO2CT and
Rh(PPh3)3Cl (D2 O)
10 9 8 7 è =PM 5 4 3 2 1 ........................... I
H NMR ( H decoupled) spectrum of [^H]-phenylalanine produced using KO2CT 
and Rh(PPli3)3 Cl (D2O)
I "I" I ' " ' I............ I. . . . I. . .  .......6 PPM 5 4 3 2
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H NMR ( H decoupled) spectrum of [^H]-phenylalanine produced using KO2CT
and [Rh(PROPHOS)]^ (D2O)
H NMR ( H decoupled) spectrum of [^H]-phenylalanine produced using HTO 
and Rh(PPh3)3Cl (D2O)
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The labelled phenylalanine products were isolated and analysed by and NMR 
spectroscopy. As previously observed with a-methyl and phenyl hydrocinnamic acid, 
the two methylene protons are inequivalent and gave rise to two sets of double 
doublets in the NMR spectrum. When tritium gas was employed as the tritium 
source, the label was introduced equally into the methine and only one of the 
methylene positions. Interestingly when KO2 CT was used as the source of tritium, the 
label was selectively introduced into the methylene position (fig 6.2e). This was 
observed with both Wilkinson’s catalyst and the optically active cationic rhodium 
catalyst.
KOjCr / H2O
COjH DMSO CO2H ^COjH
^C=C^  ► PhCHT— PhCHT—Oi.ijyBEcocH,Ph NHCOCH3 catalyst NHCOCH» H
219 (5) (R)
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fig 6. le
In contrast the reaction with HTO did not show any selectivity and the tritium label 
was observed in the methine and methylene positions. This may be explained by 
hydrogen / tritium exchange into the formate anion. Indeed exchange is clearly evident 
in the reactions with KO2CT, as the specific activities of the products are considerably 
lower than the specific activity of the formate itself. The situation is further 
complicated in the case of the chiral rhodium catalyst as the coordinating diene must be 
first reduced to give the active rhodium complex. Clearly this also gives rise to lower 
specific activities, as we have observed with phenylalanine (223).
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We also analysed the three products hydrogenated with the chiral catalyst for any 
enantiomeric selectivity, using chiral TLC as previously described. However no 
enantiomeric induction was observed in any of the three labelled products, and the S 
and jR-phenylalanine isomers (223) were obtained in equal ratio. Although our 
experiments were quite limited and not conclusive, the loss of enantiomeric induction 
may be explained by the different mechanisms involved with formate salts. When using 
hydrogen gas the enantiomeric induction was found to occur in the step involving 
oxidative addition of the hydrogen (fig 6.2f). The subsequent steps were then non- 
reversible and thus one would expect them to be rapid.
r ” ^ v
   V
* ✓ \O^^NH CO2H
i n .
225
^P h jPf = /Î-PROPHOS^PhjP
H
'^Ph2P-^ 1^ - ....
X
226
fig 6.1f
Clearly the mechanism of hydrogenation with formates, is significantly different to the 
mechanism involving hydrogen gas. We have previously discussed the mechanism with 
formates and our results are not inconsistent with the formation of an active 
monohydride species. A similar mechanism can be postulated with the chiral rhodium 
catalyst (fig 6.2g) and can be used to explain the sejgetivity we observe with tritiated 
formate salts. Cationic rhodium catalysts are known to coordinate to the carboxyl 
group as well as the alkene\ With phenylalanine (223) we observe the label to be
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introduced into the (3 position. This suggests that transfer of tritium to give the alkyl 
intermediate involves the formation of a five membered metallo-cyclic intermediate 
(229), similar to those proposed in previous mechanisms involving hydrogen transfer 
hydrogenation of cinnamic acid using Wilkinson’s catalyst.
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225
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fig6.1g
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6.1.4 Hydrogen / Tritium Exchange with Formate Salts
We have produced evidence from the hydrogenation of various substrates with formate 
salts, that exchange of the formate hydrogen / tritium can be promoted in aqueous 
media. The rate of exchange clearly varies with temperature as we observe a difference 
in the specific activities obtained under different reaction conditions. The exact 
mechanism of the exchange process was unclear, and may be catalysed by the presence 
of the rhodium complex. The exchange process has also been the subject of a recent 
study by Irish et af, who investigated the reaction at elevated temperatures and 
pressures using Raman spectroscopy (fig 6.2h).
KO2 CT + H2 O KO2 CH + HTO
fig 6.1h
Although the authors did not come to any firm conclusions about the precise 
mechanism, previous work by Hamann and Linton^ was discussed. They had proposed 
a concerted mechanism for the exchange involving the formation of an intermediate 
complex, [HCOO—D2 O] between the formate ion and water (fig 6.2i).
O—D H
O
O -D
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We decided to investigate the possibility of exchange, in a simple semi-quantitative 
experiment. We transferred tritiated potassium foimate, KO2 CT, (111 Mbq, 92.5 
Gbq/mmol) into an NMR tube containing 300pl of H2 O / D2 O (2 ; 1). The NMR 
spectrum was run and the presence of the formate peak at ô 8.5 ppm and a water peak 
at Ô 4.8 ppm were observed. A minor impurity of unknown origin was also observed at 
8 1.9 ppm. The formate and water peaks were integrated and found to be present in a 
ratio of 78 % and 22 %, respectively. The sample was then stored at +4°C and 
periodically analysed, to see if exchange was occurring (fig 6.2j).
KO2 CT + H2 O ^  KO2 CH + HTO
fig 6.2j
After 2 months re-analysis of the sample showed that the formate peak had 
considerably decreased in intensity by comparison to the water peak. Integration of the 
two peaks showed the formate peak and water peak were present in a ratio of 56 % 
and 44 % respectively. Although the exchange rate at +4°C appears to be slow, it is 
clearly an important consideration when reactions are taking place at elevated 
temperatures. Furthermore it also suggests that long term storage of the tritiated 
formate salts in aqueous media needs to be avoided, as the specific activity of the 
formate salt will slowly decrease.
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H NMR ( H decoupled) spectrum of KO2CT in H2O / D2O
H NMR ( H decoupled) spectrum of KO2CT after 2months storage at +4°C in 
H2 O / D2O
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6.2 Discussion
We have shown how both tritiated water and tritiated formate salts can be successfully 
employed for the tritiation of substrates under hydrogen transfer conditions. So far we 
have only conducted preliminary experiments at low specific activities and on a limited 
range of substrates. Therefore many possibilities for further research in this area still 
exist, particularly to establish the maximum specific activities that can be achieved. 
Although it is clear that when using water as the source of label we are limited to only 
low activities, formate salts may be synthesised with higher specific activities. Another 
interesting feature of using labelled formate salts is the observation of selective 
labelling patterns. From these observations it is evident that the mechanisms involved 
with formate salts, appear to differ significantly from those established for gaseous 
hydrogen. Although we have postulated a catalytic cycle involving the formation of a 
monohydride complex, the exact mechanism is yet to be elucidated.
We have also discussed in Chapters 4 and 5, the use of formic acid, in the form of a 
salt with TMEDA, as a hydrogen source. This has many advantages over using metal 
formate salts, but most importantly it is the source of two labels which would enable 
liigher specific activities to be obtained. Under thermal conditions the formic acid salt 
was found to give excellent labelling results in polar solvents and importantly the use 
of water or a similar protic solvent is no longer required. Furthermore we have also 
shown that under microwave irradiation reactions can be performed in a wider variety 
of solvents, including non-polar organic solvents. Microwave irradiation has been 
discussed in detail in Chapter 5, where significant reduction in reaction times were
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reported. In this chapter we have also briefly investigated the hydrogenation of (2)-a- 
acetlyaminocinnamic acid using KO2 CT under microwave irradiation. Importantly the 
labelled phenylalanine product obtained under these conditions was identical to the 
product obtained under thermal conditions, yet the reaction time was reduced by a 
tenth. Such improvements in reaction time may be important in the synthesis of 
compounds which decompose upon heating, thus giving rise to cleaner products.
6.3 Experimental
General Remarks : All NMR spectra were recorded using a Bruker AC-300E FT 
spectrometer operating at 300 MHz for ^H NMR and 320 MHz for ^H NMR 
spectroscopy. Chemical shift values are in parts per million (ppm) and referenced to 
tetramethylsilane unless otherwise stated. Microwave enhanced reactions were 
performed using a 750 Watt Matsui M l67 BT domestic microwave oven.
Reagents : The tritiated potassium formate, tritiated amino acids and cationic 
rhodium-PROPHOS catalyst were prepared and supplied by Nycomed Amersham pic. 
All other solvents and reagents were obtained from Aldrich Chemical Co, except the 
amino acids markers and precursors which were obtained from Sigma. All reagents 
were purchased in greater than 99.5 % purity and used without further purification.
Genera! procedure for reactions using labelled formate salts or water : The
formate (cold material, 5 - 20  mg) was weighed into a 25 ml pear shaped flask and
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then tritiated formate salt was dispensed as required from the stock solution. The 
solution was then freeze dried to give the solid formate at the correct specific activity. 
Catalyst (5-15 mg) and substrate (25 - 50mg) were then also added to the flask, 
followed by DMSO (0.5 ml) and water (20 pi). The flask was then equipped with a 
modified thermometer adapter and septum seal, before being evacuated, flushed with 
nitrogen and re-evacuated. The flask was then heated in an oil bath for the required 
reaction time. Upon completion of the reaction the flask was allowed to cool to room 
temperature.
Separation of a-substituted hydrocinnamic acid products : Water (-10 ml) was 
added to the flask and the products were extracted by addition of chloroform (—5 ml). 
The organic layer was washed several times to remove the last traces of DMSO and 
any labile tritium. The organic solvent was dried over anhydrous magnesium sulphate, 
before being passed through a small column of silica to remove the catalyst. The 
organic solvent was removed under a stream of nitrogen to give the crude reaction 
products which were analysed by and NMR spectroscopy [ yield of product : 
hydrocinnamic acid 48-50 mg (95-98 %), a-methylhydrocinnamic acid 51-52 mg (90- 
92 %), a-phenylhydrocinnamic acid 43-69 mg (56-90 %)]
Preparation of labelled phenylalanine : Upon completion of the hydrogenation, 6M 
HCl (5 ml) was added to the reaction flask. The flask was fitted with a reflux 
condenser and the reaction mixture refluxed for approximately 5 hours. The solvent 
was then removed by freeze drying to give the crude product. The catalyst was 
removed by washing with chloroform to leave the white solid phenylalanine product,
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which was analysed by and NMR spectroscopy [ yield of product : phenylaniline 
17-20 mg (66-77 %)].
Procedure for microwave enhauced hydrogenation : The reaction mixture was 
prepared in a 25 ml pear shaped flask using the same procedure outlined above. The 
flask was equipped with a modified thermometer adapter and septum. The flask was 
evacuated, flushed with nitrogen and evacuated as before. The reaction flask was 
placed into a teflon vessel which was also fitted with a screw top lid. The vessel was 
used to serve as a secondary containment in case the inner reaction vessel should 
break. The teflon vessel was placed in the centre of the microwave instrument along 
with a beaker of water (25 ml), which was present in order to absorb some of the 
microwave energy and prevent damage to the microwave itself. Heating was 
performed at the low power setting 20 % (150 Watts) for 3 minutes. After the initial 
heating period, the flask was left to cool to room temperature before being removed. 
Preparation of the labelled phenylalanine product was carried out using the same 
procedure outlined above.
‘H NMR cinnamic acid (CDCb) : 5 7.87 (IH, d, =CH, J  15.9 Hz), 7.22-7.33 (5H, 
in, aromatic), 6.52 (IH, d, =CH, J  15.9 Hz) *H NMR hydrocinnamic acid (CDCI3)
: 5 7,15-7.27 (5H, m, aromatic), 2.88 (2H, t, -CH2 -, 77.2 Hz), 2.54 (2 H, t, -CH2 -, J  
7.2 Hz) ‘H NMR methylcinnamic acid (CDCI3) : 8  7.84 (IH, s, =CH), 7.35-7.45 
(5H, m, aromatic), 2.16 (3H, s, -CH3 ) 'H  NMR hydromethylcinnamic acid (CDCI3) 
: S 7.35-7.45 (5H, m, aromatic), 3.05 (IH, dd, -CH-, J  12.9 & 5.9 Hz), 2.59-2.73 (2H, 
m, -CH2 -), 1.13 (3H, d, -CHs, y  6.7 Hz) 'H  NMR phenylcinnamic acid (CDCI3) : 5
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7.95 (IH, s, =CH), 7.04-7.37 (lOH, m, aromatic) NMR hydrophenylcinnamic 
acid (CDCb) : ô 7.08-7.36 (lOH, m, aromatic), 3.85 (IH, dd, -CH-, J 8.2 & 7.2 Hz), 
3.40 (IH, dd, -CH2 - , ./ 13.8 & 8.4 Hz), 3.03 (IH, dd, -CH2 -, J  13.8 & 8.4 Hz) H 
NMR (Z)-a-acetylamlnocinnainic acid (CD3OD) : ô 7.37-7.58 (6 H, m, aromatic & 
=CH), 2.09 (3H, s, -CH3) H NMR N-acetylphenylalanine (CD3OD) : 8  7.17-7.29 
(5H, m, aromatic), 4.65 (IH, dd, -CH-, J 8.4 & 5.9 Hz), 3.12 (IH, dd, -CH2 -, J  14.5 &
5.6 Hz), 2.93 (IH, dd, -CH2 -, J  13.8 & 8.9 Hz), 1.89 (3H, s, -CH3) H NMR 
phenylalanine (D2O) : 8 7.35-7.49 (5H, m, aromatic), 4.36 (IH, dd, -CH-, J1.6  &
5.7 Hz), 3.39 (IH, dd, -CH2 -, J  14.5 & 5.6 Hz), 3.25 (IH, dd, -CH2 -, J  14.6 & 7.7 Hz)
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